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Abstract

Small interfering RNA (siRNA) has the ability to silence virtually any gene of interest.
The canonical structure, however, is negatively charged and hydrophilic. It is thus repulsed by
the negatively charged phosphodiesters of the cellular membrane and prevented from penetrating
the lipophilic membrane core. The main goal of this thesis is to synthesize siRNA conjugates
containing 2'-sugar modifications that reduce the overall negative charge of the molecule and
cause its unassisted cellular uptake, and to utilize these modifications to synthesize a biolabile
analogue (a promoiety) in a prodrug siRNA (proRNA) construct.

To this end, RNA conjugates were synthesized containing various 2'-O-amino acid acetal
ester (2'-O-AAE) promoieties. The 2'-O-phenylalanine (2'-O-Phe) AAE was most stable in the
aqueous and alcoholic RNA purification and handling conditions to which the 2'-O-AAEs
investigated were exposed. A comparison of hydrolysis rates between the 2'-O-Phe AAE and a
2'-O-hydrocinnamic acetal ester suggested that 2'-O-Phe AAE hydrolysis occurs in agueous
buffer due to the alpha amino group acting as a general acid catalyst. Anhydrous and aprotic
deprotection and handling solutions were employed, including FMOC and cyanoethyl
elimination with dry triethylamine/acetonitrile, to yield a poly-thymidine oligonucleotide
containing a 2'-O-Phe AAE insert, with minimal evidence of premature cleavage.

In order to validate the incorporation of the 2'-O-Phe AAE modification in a self-
delivering proRNA construct, the analogous 2'-N-acyl-L-phenylalanine modification was
assessed for its ability to cause RNA conjugates to penetrate cellular membranes. Using flow
cytometric fluorescence resonance energy transfer (FCET), naked cyanine-3/5 labeled RNA
conjugates containing 2'-N-acyl-L-phenylalanine modifications were found to penetrate human
glial cells to a much greater extent than the unmodified counterpart. This work suggests that the
analogous 2'-O-Phe AAE modification could also cause increased cellular uptake of RNA
conjugates.

2'-N-acyl-L-phenylalanine modification was incorporated into internal positions of
siRNAs targeting endogenous genes B-cell lymphoma-2 (bcl-2) and downregulated in renal cell
carcinoma (drr), and the siRNAs were transfected into human colonic cells and human glial
cells, respectively. Downregulation was dependent on the placement of these inserts; insertion
of biolabile 2'-O-Phe AAEs at positions particularly vulnerable to modification may improve

potencies. A self-delivering siRNA construct comprised of a phosphorothioate tail and thirteen



2'-N-acyl-L-phenylalanine inserts achieved potent DRR downregulation in comparison to the
unmodified siRNA containing only a phosphorothioate tail. Delayed onset of silencing by our
highly modified asymmetric SiRNA suggests that the construct’s silencing Kinetics diverges from
that of canonical sSiRNA, and thus selective insertion of 2'-O-Phe AAEs may extend the duration
of action of the self-delivering tailed siRNA.

Finally, high-purity RNA was synthesized using a solid support linker and protecting
groups that are orthogonal to the 2'-O-Phe AAE maodification in preparation for the synthesis of
proRNA. This work lays the foundation for the rational design of self-delivering and potent
asymmetric proRNA.
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Résumé

Les petits ARN interférents (siARN) ont la possibilit¢ d’inhiber I’expression de
pratiquement n’importe quel géne d’intérét. Un siARN étant hydrophile et chargé négativement,
il est soumis a une répulsion électrostatique avec les phosphodiesters de la membrane cellulaire
chargés négativement et, ainsi, n’est pas 8 méme de traverser la membrane lipophile. L’objectif
principal de cette thése est de synthétiser des conjugués de siARNs comportant des modifications
chimiques sur la position 2’ du sucre réduisant sa charge globale négative et susceptibles
d’entrainer une pénétration cellulaire sans assistance afin, a terme, de fabriquer des analogues

biolabiles (progroupes) dans une approche de synthése de prodrogues de siARN (proARN).

Pour ce faire, des brins d’ARN contenant des progroupes d’acétalesters d’acides aminés
en position 2" ont été synthétisés (2'-O-AAE). L’acétalester de la phénylalanine en position 2’
(2'-O-Phe AAE) etait la plus stable des modifications étudiées, en milieu aqueux et alcoolique
nécessaires a la purification d’ARN et face aux conditions expérimentales de manipulation. En
comparant les taux d’hydrolyse des AAE 2'-O-Phe et d’acide hydrocinnamique, nous avons
estimé que I’hydrolyse des 2'-O-Phe AAE en milieu aqueux s’effectue a 1’aide de la fonction a-
amine jouant le réle d’un catalyseur acide. Sous des conditions de déprotection et de
manipulation anhydres et aprotiques, et ce pendant la déprotection des groupements Fmoc et
cyanoéthyles requérant 1’utilisation de triéthylamine/acétonitrile secs, nous avons pu isoler un
polythymidylate contenant une modification 2'-O-Phe AAE en minimisant son hydrolyse

prématurée.

Afin de valider I’intérét de I’incorporation d’une modification 2'-O-Phe AAE dans un
siARN capable de s’auto-administrer dans une cellule, nous avons testé¢ la capacit¢ d’une
modification analogue, la 2'-N-acyl-L-phénylalanine, a induire la pénétration cellulaire d’un
conjugué d’ARN. En utilisant la technique de transfert d’énergie entre molécules fluorescentes
suivi par cytometrie en flux (FCET « flow cytometric fluorescence resonance energy transfer »),
il a été possible de voir que des conjugués « nus » d’ARN, possédant un marqueur fluorescent
cyanine3 ou 5 ainsi que des modifications 2'-N-acyl-L-phénylalanine étaient capables de pénétrer
des cellules gliales humaines en plus grande proportion que les versions d’ARN non-modifié.
Cette étude suggére que la modification analogue 2'-O-Phe AAE aurait un effet similaire sur la

pénétration cellulaire de conjugués d’ARN.
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La modification 2'-N-acyl-L-phénylalanine fut ensuite intégrée a des siARNs ciblant les
génes des lymphomes a cellule B (B-cell lymphoma 2, bcl-2) de cellules humaines du c6lon et les
oncogeénes de carcinomes a cellules rénales (downregulated in renal cell, drr) dans des cellules
gliales humaines. La régulation négative s’est révélée dépendante du positionnement de ces
insertions et la présence de groupements biolabiles 2'-O-Phe AAE a des positions
particuliérement sensibles aux modifications pourrait améliorer 1’efficacit¢ des siARNs. Un
siARNs modifié avec treize incorporations de 2'-N-acyl-L-phénylalanine ainsi que des liens
phosphorothioate sur la partie terminale de la chaine oligonucléotidique (queue) s’est montré
capable de régulation négative de drr en 1’absence d’agent de transfection, contrairement a des
SiARNs ne contenant que des liens phosphorothioate en queue de chaine. L’action retardée de
silencage de 1’expression génétique induite par nos siARN largement modifiés suggere que la
cinétique du silencage differe de celle des siARNs non-modifiés, et laisse ainsi entrevoir la
possibilité que I’insertion sélective de 2'-O-Phe AAEs puisse accroitre la durée d’action de

siARNSs auto-délivrants.

Enfin, la synthése d’ARN de grande pureté s’est effectuée a I’aide d’un lien sur support
solide et de groupements protecteurs orthogonaux a la modification 2’-O-Phe AAE, et ce en
préparation de la synthése de prodrogues de siARN. Le travail de cette these représente ainsi un
dévelopement important vers la conception méthodique et la préparation de prodrogues auto-

délivrantes et efficaces de siARN.
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Chapter 1: Introduction

1.1. A Contemporary Understanding of the Diverse Biological Uses of Nucleic Acids

The central dogma of molecular biology involves the residue-by-residue transfer of the
information stored in deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)."? 1t was simply
stated in 1956 by Francis Crick as a sequential information transfer that disallowed backward
transfer from protein to DNA or RNA, or from protein to protein. It was also understood to
mean that DNA produces RNA and RNA produces protein. While this is indeed true, it has been
established that RNA can be used to produce other RNA (ribozymes)® as well as DNA (reverse
transcription), and that DNA can be used to produce other DNA (DNA polymerases).* Adding
to the portfolio of RNA molecules that act as scaffolds for building nucleic acids, we are learning
of the diverse groups of RNA molecules that act as templates for breaking nucleic acids down.
This breakdown of RNA molecules can prevent the production of proteins and is further
discussed in section 1.3, as well as gene expression modulation done by DNA (antisense
molecules). The research carried out as a part of this thesis focuses on the synthesis,
characterization, and biological use of small interfering RNA (SiRNA) as part of the search for
and development of cell-penetrating and efficient therapeutic RNA conjugates capable of mMRNA
breakdown. Before discussing the complex world of gene expression modulation, the framework

for this phenomenon (the structure and function of nucleic acid) must be discussed.
1.2. Nucleic Acid Structure and Function
1.2.1. Nucleoside and Nucleotide Structure and Conformation

The nucleotide (nt) monomers that make up nucleic acids are comprised of a nucleobase,
a ribose sugar or 2'-deoxyribose sugar in five-membered ring formation, and a 5'-phosphate
group (Figure 1.1). A nucleoside is composed of the sugar with a nucleobase (without the
phosphate group as the point of condensation into a nucleic acid polymer). While the six-
membered pyranose form of the ribose sugar predominates in aqueous solution, it is the five-
membered furanose form that is found in RNA. These furanose rings are numbered 1' to 5
starting from the glycosidic bond that is connected to the nucleobase. The nucleobase can be
adenine (Ade), guanine (Gua), or cytosine (Cyt) for both RNA and DNA, while the fourth

nucleobase is uracil (Ura) in RNA and thymine (Thy) in DNA. The purines adenine and guanine
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are larger bicyclic molecules bonded to C1' of the sugar via their N9 atoms, while the

pyrimidines cytosine, uracil, and thymine are monocyclic molecules bonded to the sugar via their

N1 atoms.
Ade = Gua =
NH, o)
7 6 N
N X
PN
N “2 N i
@ 9 - QJVLV 4 N | N NH2
o_?_o_. 5 O v 3 V7,V
© g 1
o) Q Cvt = - Thy =
3 o yt = Ura = y
on r NHo o] 0
phosphate|| sugar 5 | IV | NH | NH
6
RNA: R = OH 1 N/§O N/go N/go
DNA: R = H o v ..
nucleobase

Figure 1.1. The nucleotide structures of monomers that comprise canonical RNA and DNA

include purines adenosine and guanosine and pyrimidines cytidine, uracil, and thymidine.

The furanose ring can adopt different conformations in space. The syn-anti orientation of
the nucleobases, the orbital geometry of the sugar, and other factors influence the conformation.
Using the torsion angles of the bonds, a phase angle P can be calculated and found on a
pseudorotational wheel that includes the possible conformations (Figure 1.2).>® Two reference
conformations, North and South, describe the sugar pucker of the ribose and 2'-deoxyribose
sugar, respectively. The North pucker displaces the C3' atom on the same side of the C1'-O4'-
C4' median plane as the nucleobase and the C5' atom, and the C2' atom is displaced to the
opposite side. Thus it is also called the C3'-endo conformation. The South pucker displaces the
C2' atom above the plane and the C3' atom below, and thus is described as C2'-endo. Other
conformational reference points exist such as the East conformation in which the O4' atom is on
the same side of the C5' atom and the nucleobase, and thus described as O4'-endo. Nucleosides
and nucleotides can, and generally do, exist in equilibrium between two conformations. For
example, canonical ribonucleosides are actually about 51% North and 49% South, while
canonical 2'-deoxyribonucleosides are about 65% South.” This distribution can be calculated for

novel nucleoside structures based on the coupling constants of the sugar ring protons.®



West 270r
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s exo

Figure 1.2. The sugar puckers correspond to phase angles on the pseudorotational wheel.
Reprinted with permission from reference 6. Copyright 2012 Elsevier.

1.2.2. Common Nucleic Acid Structures

Nucleic acids are polymers made up of nucleotide subunits connected by a negatively
charged (at physiological pH) internucleotide phosphodiester (Figure 1.3). Nucleotides are
connected to each other at their 3'- and 5'-ends, thus the linkages are termed 3'-5' linkages. Their
linear nucleobase sequence is written in the 5' to 3' direction with the letters dA, dG, dC, and T
representing the 2'-deoxyribose nucleotides adenosine, guanosine, cytidine, and thymidine, while
the letters rA, rG, rC, and U represent the corresponding ribose nucleotides. The sequence of

these letters constitutes nucleic acid primary structure.

Secondary structure allows nucleic acid strands to base pair and form helices with other
nucleic acid strands. Watson-Crick base pairing dictates that A and T/U base pair to each other
while C and G base pair to each other. The strands pair to each other in an antiparallel fashion
where the 3'-terminal end of one strand terminates its base pairing to the 5'-terminal end of the

other. Double stranded RNA is almost entirely configured in an A-form right-handed helix,
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while DNA is polymorphic and can be found in many right-handed configurations, including the
B-form (Figure 1.4).> The A-from duplex is more tightly wound than the B-form duplex; there
are 11 nucleotides per turn in an A-form duplex as opposed to 10 in a B-form duplex."* The
greater South nature of the nucleotides that make up a B-form duplex prevents RNA from

conforming into this secondary structure due to steric interactions of the 2'-OH group.°

NH» Watson-Crick base pairing
HO o NT N N—/ \ 2 H-bonds
% NIIIH N \
(0] N= )\N
2 "N NH 0
O—P=O </ | )\
/N OI RN}
Q N / 3 H-bonds
o9 OH o ‘< —Hr -'N>\>
O P (0] /g
N HIIII
0 H
NH,
0%p-0 @% = 5rArGUIC-3
3'-U CrArG 5' complement

3 OH OH

Figure 1.3. Nucleic acids join nucleotides by 5'-3" internucleotide bonds. The antiparallel

complements of nucleic acid strands are hydrogen bonded by Watson-Crick base-pairs.

Figure 1.4. The A) A-form DNA helix and B) B-form DNA helix have different

geometries. The sugar-phosphate backbones of the two strands are in green and red.
Reproduced from reference 11 (http://dx.doi.org/10.1039/9781847555380) by permssion

of The Royal Society of Chemistry. 4
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1.2.3. Conventional Functions of Nucleic Acids

The extraction of DNA-containing “nuclein” occurred in 1869, leading to a series of
discoveries of nucleic acid components and proposed structures of the fascinating
macromolecule with the apparent role in transmitting genetic information. Many contributors
performed seminal work leading up to the double-helix model of Watson and Crick being
published.® For example, DNA’s role in heredity was already confirmed by Hershey and Chase
in 1952, who discovered that most of the encapsulating protein of bacteriophage T2 was not
absorbed into the Escherichia coli bacteria, while most of the DNA was in fact absorbed and
thus had “some function” in the growth of T2 phage intracellularly.”® Illustration of the DNA-to-
RNA-to-protein flow of information was also done by various researchers. In 1960, Brachet
affirmed that the cell nucleus is the primary site of nucleic acid synthesis, while proteins are
synthesized in the cytoplasm through information transfer from RNA.** Brenner, Jacob and
Meselson discovered unstable messenger (MRNA) intermediates in 1961, proposed by Jacob and
Monod,* that act as carriers of bacteriophage genetic information for protein production using
host ribosome enzymes.*® The final pieces of the DNA-to-RNA-to-protein puzzle were finally
laid when the first structure of a transfer RNA (tRNA) molecule was reported in 1965,'" and
when Altman and Cech’s 1989 Nobel prize-winning work on the catalytic capacity of RNA
confirmed that the RNA component of the ribosome (ribosomal RNA (rRNA)), rather than the

protein component, catalyzes the production of protein from RNA.?

A simplistic summary of the conventional functional understanding of nucleic acids
begins with transcription of single-stranded (ss) pre-mRNA by RNA polymerase Il in the
nucleus using sSDNA as a template.’® It is complementary to the region of DNA from which it is
copied (the antisense strand), and is therefore termed sense. It can be further processed when its
intronic regions not coding for amino acids are spliced out of the molecule, leaving behind the
ligated exon regions to produce a single mature mRNA.*® In the cytoplasm, the ribosome brings
together the mRNA strand and tRNA molecules in order to translate the mRNA sequence
information into a peptide chain. Each tRNA has a region to detect the nucleobase sequence of
the mRNA three sequential nucleotides at a time. This 3-nt-long block on the mRNA strand is
termed a codon, while its corresponding region on the tRNA is termed an anticodon. There is

also a region on the tRNA that carries the amino acid that corresponds to its anticodon. As the



amino acids are condensed to form a growing peptide chain, the sequence of the transcribed
genomic DNA is translated into a polypeptide. Polypeptides with more than 50 amino acid

residues make up a protein.

Less historically understood natural RNA function includes regulation, done with micro
RNA (miRNA), PIWI-interacting RNA (piRNA), and small nuclear RNA (snRNA) to name a

few, which is discussed in section 1.3.1%%°
1.3. Gene Knockdown by Nucleic Acids

Complete knockout of a gene or alteration of the genetic code entails either addition or
removal of genetic code from an organism, which can be accomplished by TAL (transcription
activator-like) effectors®® or the CRISPR/Cas9 system.?? Changing gene expression without
editing genomic DNA, on the other hand, is caused by an oligonucleotide temporarily binding to
a component involved in gene expression or the gene itself. There are various transient
mechanisms such as RNA interference (RNAi) mechanisms® and the RNase-H-dependent** and
-independent antisense mechanisms.”®> The antisense mechanism was first demonstrated by

Zamecnik et al.?®?

It involves the introduction of a single-stranded antisense oligonucleotide
(AON) that is complementary to a target mMRNA. Multiple reviews have been written that
distinguish RNase-H-dependent and RNase-H-independent antisense mechanisms.?®* RNase-H
mediates cleavage of mMRNA, while RNase-H-independent silencing can be accomplished by the
AON sterically blocking the translation machinery. The research performed in this thesis will be
concerned with the RNA interference mechanism of small interfering RNA. Therefore, the

mechanisms of RNA interference will be discussed at greater length in sections 1.3.1 and 1.3.2.
1.3.1. RNA Interference in Mammals

RNA interference (RNAIi) phenomena in particular have been and continue to be
discovered in many eukaryotes as the ability of small non-coding RNA to inhibit gene expression
at the post-transcriptional level. The understanding that the three-billion-base-pair genomic
DNA contained in the nucleus of human cells not only contains genes, but many other sequences
transcribed into RNA molecules dedicated to various cellular processes, including regulation,

makes this possible. The two main RNAI mechanisms involving transient RNA duplexes are



mMiRNA (microRNA) and siRNA (small interfering RNA) and have been more commonly

studied as performing interference in the cytoplasm of cells.

In the miRNA mechanism illustrated in
Figure 1.5, a primary miRNA (pri-miRNA) hairpin

of about 65-70-nt is generated from the genome,

which is processed by the RNase Il endonuclease i e

Drosha into pre-miRNA with a 3'-overhang on one
end and a stem-loop on the other.”® That construct
can be transported into the cytosol and cleaved by
Dicer, another RNase IlIl enzyme, producing a
duplex of about 21-25-nt with 3'-overhangs and 5'-
phosphates.”®  The duplex has some degree of
mismatch, but if the strand loaded into the RNA-
induced Silencing Complex (RISC), denoted by an
asterisk, is perfectly complementary to an mRNA, it
will cause the cleavage of the mMRNA.?® If there is
some mismatch of the miRNA* strand to the
mRNA, translation will be blocked or the mRNA
will be destabilized by the shortening of its poly-A
tail and then degraded.”®  For example, full
complements to the seed region, which includes
bases 2-8 of the miRNA* strand, can trigger
silencing of multiple genes involved in an
inflammatory response due to the common seed
region sequences in many inflammatory genes. In
that case, full complements to the mRNA from base
9 onward is not necessary. With knowledge of these
details regarding the mIRNA mechanism, a
synthetic mimic of the miRNA* strand hybridized

to an RNA complement can be introduced into the
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Figure 1.5. The miRNA mechanism in
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humans begins with pri-miRNA in the
nucleus and either destabilization of
MRNA or translational arrest. Reprinted
with permission from reference 23.

Copyright 2009 Nature Publishing Group.

cell in order to hijack this natural process of regulating endogenous genes.



Initial work in the 1990s on exogenously-introduced RNA causing potent silencing of
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Figure 1.6. The exogenously-triggered
SiIRNA mechanism in humans begins
with 21-nt-long duplexes loaded into
RISC or longer substrates of Dicer cut
into SIRNA. Reprinted with permission
from reference 23. Copyright 2009
Nature Publishing Group.
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was followed by the Nobel prize-
winning work of Fire and Mello in which SiRNA
was introduced into a species of nematode to reduce
expression of the gene unc-22, by which a severe
twitching phenotype was observed.** The work of
Fire and Mello stimulated the interest in using
synthetic RNA to exploit its therapeutic potential in
humans. In 2001, Tuschl and coworkers extended
the application of the sSiRNA mechanism to different
mammalian cell lines and restricted the trigger’s
molecular structure to a 19-nt RNA duplex with 2-nt
overhangs at the 3-ends.® In the cytoplasm, the
duplex is loaded into RISC (Figure 1.6). The strand
that is analogous to the miRNA* strand, called the
guide strand, remains in the silencing machinery
while the other (passenger) strand is cleaved by an
Argonaute (AGO) protein (AGO2 in humans) and
discarded (Figure 1.6).>*  The strands are
differentiated by the bias in stability between each
end; the strand with the 5'-end that has weaker
hybridization to the complement becomes the guide
strand.*®  They are also differentiated by the
presence of a 5'-end phosphate®” on the guide strand
and desirable uridine and adenosine nucleotides at
the 5-end as opposed to guanosine and cytidine.*®
When the guide strand is perfectly complementary
to an mRNA it facilitates the cleavage of the mMRNA
between bases 10 and 11 of the guide strand (in
reference to its 5-end).* The guide strand remains
loaded in RISC for more catalytic rounds of mMRNA



cleavage. Given the well-established mechanism of siRNA silencing and the simple requirement
of Watson-Crick base pairing to mRNA, siRNA therapy in humans could potentially treat a
multitude of diseases with a genetic component simply by a change in siRNA nucleobase

sequence.
1.3.2. Issues with Hijacking the miRNA Mechanism with siRNA

The relative ease of rationally designing a sequence-specific siRNA in an age of
complete disclosure of the human genome is antagonized by the hurdles presented by siRNA
structure in safely delivering the molecule into cells. Naked, meaning non-encapsulated in this
thesis, and unmodified sSiRNA molecules are extremely susceptible to serum nuclease digestion.
They are also hydrophilic and negatively charged (Figure 1.3), experiencing cellular membrane
repulsion, poor circulation, and thus rapid renal clearance after being introduced into systemic
circulation. Naked oligonucleotides can also stimulate the innate immune system to induce
proinflammatory cytokines (signalling molecules), depending on their site and route of delivery
as well as sequence,® since they resemble viral and bacterial components,* also causing their
rapid removal from circulation by cytokine-stimulated phagocytotic cells.** Depending on the
type of oligonucleotide, the delivery complex, and the mechanism of internalization, different
cellular receptors can be stimulated. For example, double-stranded (ds) RNA stimulates TLR3
(Toll-Like Receptor 3) in endosomes* and on certain cell surfaces,** while Protein Kinase R
(PKR) and RNA helicase enzymes Melanoma Differentiation-Associated protein 5 (MDAS) and
Retinoic acid Inducible Gene 1 (RIG-1) are stimulated in the cytoplasm.”* TLR7 and TLR8 are

stimulated by ssRNA exclusively in endosomes.*>*

sSDNA sequences with unmodified 5-CpG
can be recognized by TLR9 in endosomes.*” These immunostimulatory effects as well as

cellular delivery issues are the most restrictive obstacles that are being researched to date.

Of the more manageable issues, sequence-specific off-target effects can be avoided by
screening potential SIRNA molecules for any significant complementarity to an endogenous off-
target. This can be done by inserting the sequence in the National Center for Biotechnology
Information’s online Basic Local Alignment Search Tool (BLAST). An unintended immune
response due to off-target siRNA binding can be avoided by using a sequence that is not
complementary to the seed region (Figure 1.7) of genes of the immune system. The loading of

the intended passenger strand in the RISC machinery must be avoided; otherwise the wrong
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mMRNA strand will be targeted. Fortunately, there are chemical modifications that can be used to
introduce thermodynamic bias between the ends of the duplex to cause preferential RISC loading
of the intended guide strand.** Any secondary structure in a proposed siRNA that could prevent
its binding to mMRNA and/or its binding to the enzymatic machinery can also be screened out

with online predictive tools such as the mfold web server.*

passenger 5 T T T T T T T T T T T

guide 3

Seed region
Figure 1.7. An siRNA duplex has two 3'-overhangs, a seed region at bases 2-8 of the guide
strand, and directs cleavage of the complementary passenger and mRNA strands between

bases 10 and 11 with respect to the guide strand.

1.3.3. Alternative Mechanisms of Nucleic Acid Mediated Control of Gene Expression

Some silencing methods are listed in Table 1.1. One of those methods, the short hairpin
RNA (shRNA) interference mechanism, generates siRNAs. It begins, however, with the
exogenous delivery and integration of a plasmid vector in the host genome.*® The integrated
DNA can produce a hairpin RNA resembling a pri-miRNA in the nucleus, but with full duplex
complementarity reminiscent of sSiRNA, for processing by Drosha and Dicer into SiRNA capable
of RNA interference.*

Exogenously introduced oligonucleotides with many of the chemical modifications
discussed in sections 1.3.4 can also be made to sterically block the work of an aberrant miRNA
by hybridizing to it, preventing its hybridization to its target MRNA. These miRNA-targeting
oligonucleotides are called anti-miRNA oligonucleotides (AMOs), or antagomirs by Krutzfeldt
et al. in their pioneering in vivo work.*’ An exact complement to the aberrant miRNA is typical
of anti-miRNAs studied, however RNase-H-mediated cleavage of the mRNA is rare.®® Single
strands of oligonucleotide mimics such as morpholino oligonucleotides can also be synthesized

as site-selective binders to pre-mRNA to modulate the splicing of the mRNA.*
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Knowledge on gene knockdown mechanisms continues to expand and teach us that one
type of RNA molecule can regulate genes in different ways and in different parts of the cell. The
fact that endogenous human AGO2-small RNA complexes are mainly loaded in the cytoplasm
but can be shuttled to the nucleus allows for this kind of versatility.”® For example, nuclear
miRNAs and siRNAs can cause cleavage of RNAs such as 7SK small nuclear RNA, which plays
an integral role in the association of positive transcription elongation factor (P-TEFb) with RNA
polymerase 11 in eukaryotes.®® Plants use endogenously generated siRNA to cause RNA-directed
DNA methylation (RADM) as well by guiding de novo methyltransferases to DNA.**

Table 1.1. Some of the functions of gene silencing molecules operating in animals are

summarized below.

Molecule | 2°structure | Nucleic acid | Effect Genesis
AON, SS DNA and|e AON: Steric block of | exogenous
AMO DNA-like translational machinery
e AON: RNase-H-mediated mRNA
"o cleavage
§ e AON: Post transcriptional splice-
é switching
S e AMO: Steric block of AGO
miRNA | ds RNA AGO-mediated mRNA and small | endogenous
§ nuclear RNA cleavage
2
E SiRNA ds RNA  and | AGO-mediated mRNA cleavage exogenous
<ZE RNA-like
| shRNA ds (hairpin) | DNA exogenous
piRNA SS RNA DNA methylation endogenous

There is a great variety in the type of trigger RNA molecules capable of gene regulation.
PIWI-interacting RNAs (piRNAs) in animal germlines are also small RNAs that bind to the
domain of AGO encoded by the P-element Induced Wimpy testis (PIW1) class of genes to direct
it to transposons and repeat sequences in the genome.? piRNAs are endogenously generated but
do not require Dicer for biogenesis, as in the case of miRNAs, even though their exact method of

generation is unknown.>* These are about 24-31-nt-long single strands® with 2'-O-methylation
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at the 3-termini.®® In an epigenetic twist, they can interact with complementary chromatin-

associated or nascent RNA to methylate DNA.*

AONSs, siRNAs, shRNAs, and anti-miRNAs have all progressed to clinical trials using
various delivery methods outlined in section 1.4.1 as well as many of the chemical modifications
outlined in section 1.3.4. AONs have had therapeutic success with three FDA approved drugs —

fomivirsen (Vitravene™), mipomersen (Kynamro™), and eteplirsen (Exondys 51™).
1.3.4. Available Chemistries for Oligonucleotides

Chemical modification to oligonucleotides can confer desirable traits such as reducing
immunostimulation and other off-target effects, modifying binding affinity, tuning conformation
in predictable directions, and improving resistance against nuclease-mediated degradation of the
sugar phosphate backbone. Modification can be made to the internucleotide linkage, the sugar,
and/or the nucleobase.

1.3.4.1. Internucleotide Modifications

One of the most common internucleotide linkages in oligonucleotide gene expression
regulators is the phosphorothioate (PS) linkage.>”® It comprises the entire backbone of almost
all of the AON drugs that have entered clinic trials. The FDA approved drugs fomivirsen
(Figure 1.8) and mipomersen are comprised entirely of PS linkages. The established solid-
supported synthetic protocol introduces sulfur at the non-bridging position of the internucleotide
linkage (see section 1.5.1), thus producing 2" diastereomeric oligonucleotides (n = number of
epimeric PS linkages). Methods for diastereoselective synthesis have been established™ since
different combinations of S, and R, phosphorothioate insertions confer different stabilities and
activities. A single S, linkage confers greater plasma 3'-exonuclease stability than an R, linkage,
while full R, modification causes greater mRNA cleavage by RNase-H on account of greater
binding affinity to the target as compared to that of the oligonucleotide with full S,
modification.®® The diastereoisomers can also have different immunostimulatory properties.®*
Regardless, PS-AONs are synthesized and used as diastereometric mixtures since the multiple
PS bonds confer an overall improvement to stability and pharmacokinetics. PS linkages bind
better to serum albumin than phosphate linkages, thus increasing the systemic circulation time of

the AON. They are also compatible with the RNase-H machinery to cause mRNA cleavage®
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and they increase cellular uptake during gymnosis.®> Even though they can negatively impact
AON binding affinity to RNA targets and some toxicity has been observed,®®®*% the

advantages greatly outweigh the disadvantages.

0 o Base

S 0 Base
P 0] 5'-G*C*G* T*T*T* G*C*T* C*T*T* C*T*T* C*T*T* G*C*G-3'

* = PS linkage

Base

Figure 1.8. The diastereomeric phosphorothioate linkages shown are found in fomivirsen.

PS-modified ssON co-incubated with unmodified siRNA actually increases the cellular
uptake of siRNA, presumably through PS-stimulated receptor-mediated uptake.®” Their potency,
however, is inferior to unmodified siRNA delivered via standard cationic liposomal transfection
reagent Lipofectamine™ 2000, presumably due to retention of the SiRNA in cellular vesicles.®’
Complete PS modification in siRNA has been avoided because while a few terminal inserts have
caused minimal reduction in activity,”® heavy or full modification severely reduces activity.®
An achiral phosphorodithioate (PS2) linkage shown in Figure 1.9A has been combined with 2'-
O-methyl modification (common in RNA mimics) on the same two nucleotides in the seed
region of the sense strand to synergistically produce enhanced-potency siRNA.”® The A-form of

the duplex was retained with this minimal modification.”

Other studied internucleotide modifications include phosphonoacetate (PACE) linkages
with both non-bridging oxygen and non-bridging sulfur (Figure 1.9B). They retain the negative
charge of the backbone, predictably increase nuclease resistance, and stimulate RNase-H
activity.”""? The PACE and thio-PACE modifications were combined, on the same nucleotide,
with 2'-O-methyl modifications in siRNA with up to four modifications on each terminal end.”
The siRNAs achieved some gene silencing without transfection agent due to their relatively

strong activity but meagre cellular uptake.” Ester derivatives of the PACE modification are
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reminiscent of thioesters incorporated into nucleoside prodrugs, and later sSiRNA prodrugs, such
as S-acetyl-2-thioethyl (SATE), which are discussed in section 1.6.2.1. Amide-linked (Figure
1.9C) and peptide nucleic acids (Figure 1.9D) are both uncharged and do not contain
phosphorus. Up to eight amide linkages have been used in siRNA at the 5'-end of the antisense
strand to increase activity.”* Peptide nucleic acid (PNA), in particular, has been used as an
inhibitor of MRNA translation” and it has been incorporated at the 3'-termini of SiRNA to
increase nuclease stability and effect translational inhibition.® The FDA approved drug

eteplirsen is a morpholino oligonucleotide — that is, it is comprised entirely of a morpholino

backbone.
A) T B) w C) e D) T E) N‘w
fo) Base fo) Base o) Base HN 0 Base
o 0 o) \_\ Base Yoj,
- - 5_7 v
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Figure 1.9. Backbone modifications that have been studied in SiRNA include A)
phosphorodithioate (PS2), B) phosphonoacetate and thiophosphonoacetate, C) amide-linked
RNA and DNA, D) peptide nucleic acid, and E) morpholino. RNA: R = OH; DNA: R=H.

1.3.4.2. Sugar Modifications

Sugar modifications such as those shown in Figure 1.10 can be used alone or combined
with other sugar and/or backbone modifications for a desired oligonucleotide function. Sugar
modifications can impart great influence in binding affinity to target RNA, furanose
conformation, and thus duplex structure, RNase-H and/or AGO compatibility, nuclease
resistance, immunostimulation, and off-target effects. The 2'-position on the furanose ring in
particular is easily accessible to chemical modification and can cause enhanced binding affinity
to RNA (first 4 entries in Table 1.2). For example, a significant increase in thermal melting
temperature (ATy,) per insert is observed for the 2'-O-(2-methoxyethyl) (2'-O-MOE),”” 2'-fluoro-
ribo nucleic acid (2-F-RNA),”® and 2'-deoxy-2'-fluoro-p-D-arabino nucleic acid (2'-F-ANA)

modifications.’®
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2'-0-MOE 2"-0-Me 2E-RNA The enhanced binding affinity of

N M M the modified strands to RNA is
(0] Base (0] Base o Base . ]
1 :o: 1 :o: 1 :o; tantamount to being a good candidate for
O O O  OCH, o F transient knockdown molecules since the
o— targets are RNA molecules — i.e. mMRNA,
miRNA, or pre-mRNA. The 2-O-MOE,"”
2'F-ANA LNA UNA
o o o 2'-0-Me,® and 2'-F-RNA furanoses adopt
(0] Base (0] Base (0] Base 81 .
_of 1 0 j{o North sugar puckers, making them
5 o4 o OH excellent inserts in RNA-based
o o o

oligonucleotides like siRNA. They have
been used in siRNA to effect AGO-

mediated target cleavage in mammalian

Figure 1.10. Several sugar modifications have
been studied in SIRNA.

cells.®? Three 2'-F-RNA inserts are well-tolerated in the antisense (guide) strand, regardless of
whether the inserts are placed near the 3'-end, the middle of the strand, or near the 5'-end.®
Three 2'-O-MOE inserts, however, diminish activity regardless of where they are placed in the
antisense strand.> Three 2'-O-Me inserts are well-tolerated further away from the 5'-end of in
the antisense strand.®? By contrast, active siRNAs tolerate all of these inserts in the sense strand
very well.¥ The 2'-O-MOE and 2'-O-Me modifications can also be combined with DNA
residues in the so called ‘gapmer’ design to effect RNase-H cleavage of mMRNA. The DNA gap
when hybridized to the RNA target provides the required DNA/RNA ‘hybrid’ substrate for
RNase-H, which cleaves the RNA to release the modified oligomer for further RNA binding.””
Mipomersen contains 2'-O-MOE modifications in a gapmer design (Figure 1.11). Despite the
issue of liver toxicity observed with this drug, it has been used for management of cholesterol.

While 2'-O-MOE and 2'-O-Me modifications cause significant increase in serum stability, e

2'-F-RNA modification does not.®* Despite having South East sugar pucker,® its stereoisomeric

form, 2'-F-ANA, can be used in siRNA to improve serum stability and potency.®
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Table 1.2. Selected sugar modifications have been investigated for their use as RNA binding

agents.
Binding to | ATy, Sugar RNase-H | Stability | Immuno- FDA-
RNA f/insert | pucker /| or AGO? |to stimulation when | approved
relative to | (°C) duplex nucleases | in SiRNA ON therapy
DNA form
5-membered
2'-O-MOE | Enhanced | +~2 North /| Both Increase mipomersen
A-form (AON)
2'-O-Me Enhanced North /| Both Increase | Reduced pegaptanib
A-form (aptamer)
2'-F-RNA | Enhanced | + ~2 - | North /| AGO Minor Reduced pegaptanib
3 A-form increase (aptamer)
2'-F-ANA | Enhanced | +~1 — | South Both Increase | Reduced if with -
2 East / LNA and 2'-F-
B-form RNA
4'-S-DNA A-form® | Both Increase -
Bicyclic
LNA Enhanced | +~5 North /| Both Increase | Reduced -
A-form
Acyclic
UNA - ~5 — | Flexible / | Both Increase | Reduced if off- -
10 no global target seed region
change binding avoided
6-membered
ceNA Enhanced | | | RNase-H | Increase -

The bicyclic locked nucleic acid (LNA) and acyclic unlocked nucleic acid (UNA) have
had utility in sSiRNA and AON constructs. While LNA is constrained in the North conformation

due to the methylene bridge joining the 2'-OH and C4' positions,® the flexible UNA loses some

entropy when conforming to an A-form helix. Thus, LNA is suitable in siRNAs and in the wings

of gapmer AONs. UNA flexibility can be helpful in accommodating AON conjugates in RNase-

H,?* causing preferential loading of the antisense strand of SiRNA when used at the 5'-terminus

of the passenger strand, and minimizing off-target effects when used in the guide strand seed

region.®
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Figure 1.11. Antisense oligonucleotide mipomersen contains nineteen phosphorothioate and

ten 2'-O-MOE sugar modifications.

1.4. Cellular Delivery of Nucleic Acids
1.4.1. Delivery Methods for Chemically Inert Nucleic Acids

Delivering unmodified nucleic acids to cells is a major hurdle in the development of ON
based therapeutics. The challenge arises from the chemical structure of ONs (negatively
charged, hydrophilic, and large), which is incompatible with the negatively charged lipophilic
membrane core. In the absence of a delivery vehicle or ‘conjugate’ moiety, nucleic acids (AON,
siRNA) can undergo rapid renal clearance, degradation by blood serum exo- and endonucleases,
and trigger an immune response. Many delivery methods have been pursued, with some

examples of systemic administration resulting in gene silencing.
1.4.1.1. Terminal Conjugation of Large Structures

The common theme among conjugates utilized for systemic delivery is covalent
attachment of a large molecule to the 5'- or 3'-terminus of a chemically modified oligonucleotide.
Cholesterol (Figure 1.12B) remains in circulation via binding to lipoprotein particles.® It can be
covalently linked to hydrophobic siRNA (hsiRNA) with extensive PS, 2'-O-Me, and 2'-F-RNA
modifications to self-deliver to hepatocytes via intravitreal injection (through the eye).?
Another lipophilic moiety, a-tocopherol (vitamin E), which binds to serum albumin to keep it in
circulation, has been conjugated to sSiRNA injected intracerebroventribularly in mice with high-
density lipoprotein (HDL) carrier. The vitamin moiety binds to the HDL that is able to trigger
lipoprotein  receptor-mediated endocytosis.*? One highly successful example is N-
acetylgalactosamine (GalNAc) conjugation to siRNA (Figure 1.12D), which delivers it in vivo
via subcutaneous injection to hepatocytes using asialoglycoprotein receptor (ASGPR)-mediated

endocytosis.*
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Oligonucleotide aptamers also act as ligands to cell surface receptors to guide
endocytosis of aptamer-siRNA conjugates (Figure 1.12A) to target tissue. Prostate-specific
membrane antigen (PSMA), overexpressed in prostate cancer cells and tumor vascular
endothelium, can be bound by aptamer conjugated to SiRNA targeting tumor growth. PSMA-

binding aptamer-conjugated siRNA has been injected intratumorally into mice and tumor growth

has been inhibited.*®
N NNA
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Figure 1.12. siRNA conjugates can be terminated with A) aptamers, B) cholesterol and

other lipids, C) spermine and other polycationic polymers, and D) GalNAc.

Cationic polymers such as spermine have been conjugated to siRNA to mediate uptake
(Figure 1.12C). At or above a ratio of amines (positive charges) to phosphates (negative
charges) of 1.5, the pKss of the excess amines are gradually lowered due to the nearby positive
charges, allowing them to act as proton sponges once inside the acidic endosome. This allows
for a release of the siRNA cargo into the cytoplasm and RNAi to occur.®® While cationic
polymers have traditionally been understood to bind anionic heparin sulfate proteoglycans
(HSPG) on the cell surface to trigger endocytosis, another class of cationic polymers called cell

penetrating peptides (CPPs) employ other mechanisms of internalization based on the peptide
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structure.”” siRNA-delivering CPPs include trans-activating transcriptional activator (TAT),

penetratin, and transportan.®®
1.4.1.2. Encapsulation

Encapsulating structures can deliver
nucleic acids quite efficiently. Biological
vectors are prime examples of innovative
and promising carriers that can be exploited
for their protective encapsulation and
release of nucleic acids in a variety of
tissues. These encapsulating structures take
a variety of forms: Organisms such as
strains of Escherichia coli are well-tolerated
in gastrointestinal organs, cell-derived
particles such as exosomes are tolerated by

neurons, and adeno-associated virus is

tolerated by organs of the circulatory system.°

98

Figure 1.13. A PEGylated SNALP distributes
in systemic circulation and delivers a positively
charged lipoplex to cells. Reprinted with
permission from reference 44. Copyright 2009
Nature Publishing Group.

Cationic liposomes internalize oligonucleotides via endocytosis as well as through direct

fusion with the cellular membrane. A minority population of administered lipoplexes directly

fuse with the membrane to deliver the siRNA that will cause RNAI, while the rest is degraded in

lysosomes.’®* Consequently, a stable nucleic acid lipid particle (SNALP) such as that shown in

o]
Tf—PEG/ILs@ - %Q = Tf-PEG-AD

Figure 1.14. The cyclodextrin-based nanoparticle pictured was used to encapsulate and deliver

SiRNA in humans. Reprinted with permission from reference 105. Copyright 2009 American

Chemical Society.
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Figure 1.13 was developed with conjugation of the cationic lipid (such as 1,2-dilinoleyloxy-N,N-
dimethyl-3-aminopropane (DLIinDMA) or other more fusogenic lipids) to hydrophilic
poly(ethyleneglycol) (PEG) to increase residence time in blood.’®* MacLachlan and colleagues
were first to evidence systemically-administered RNAI in non-human primates by targeting
apolipoprotein B (ApoB) for cholesterol management with a SNALP that was intravenously

administered to monkeys. %

RNAI was first evidenced in humans after intravenous administration of a transferrin-
carrying nanoparticle targeting transferrin receptors on cancer cells (Figure 1.14)."* The
nanoparticle scaffold was made up of a linear polymer of cyclodextrin interspaced with
positively charged as well as pH-buffering amines that electrostatically associated with siRNA
and assisted in the release of nanoparticles from endosomes, respectively.'® The heavily-
decorated outer surface contained PEG solubilizers and transferrin (Tf), which completely
encapsulated and protected the siRNA from nuclease degradation.'%®

Other nanoparticles have been synthesized to deliver siRNA to cells, including non-
encapsulated Dicer-substrate sSiRNA with strategic sugar modifications.'®® Some of the other
encapsulating varieties of nanocarriers include siRNA encapsulated in nanoliposomes loaded
onto porous silicon nanoparticles,*” and single siRNA nanocapsules that must not only undergo
a physical breakdown for cargo release, but also a chemical breakdown of the positively charged,
degradable under pH 6, and hydrophilic portions of the capsule that were polymerized around a

single siRNA molecule.*®

1.4.1.3. Non-Encapsulation and Non-Conjugation

Transfer of non-encapsulated and non-conjugated nucleic acid across cellular membranes
has also been achieved. It can be done without vectors using physical methods that increase cell
membrane permeability such as electroporation (short bursts of strong electric field) and
sonoporation (intense ultrasound exposure). In a similarly simple, but slow, method of delivery
without a delivery vector, Stein and coworkers found that naked phosphorothioated AONs (i.e.
PS-DNA, LNA, and 2'-F-ANA) can be taken up by cells in culture at a very slow rate in uniform
and low levels by a processes coined gymnosis, causing maximal transient knockdown after 6-10

days.®*'® The hydrodynamic method is a physical method in which murine specimen can be
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to cells in vitro,'*? while the most
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common type of dendrimer used is

the poly(amidoamine) (PAMAM) variety (Figure 1.15).**® A large enough dendrimer radius and
a large ratio of primary amines (positive charges) to phosphate groups (negative charges)
improves transfection efficiency on account of the proton sponge effect.'***> CPPs have also
found use as non-covalent carriers. The synthetic amphipathic MPG peptide vector has allowed
for in vitro delivery of siRNA.™® The nucleic acid-binding protamine, found in nature
complexed with DNA in sperm, has been fused with an antibody Fab fragment directed against
the HIV-1 envelope (Figure 1.16). It was complexed to siRNA via the electrostatic interactions
of the siRNA backbone and protamine portion, and the antibody portion directed the complex to
HIV-infected T lymphocytes and other primary cells, which are difficult to transfect with

7

lipoplexes.'” Intratumoral and intravenous injections in mice successfully treated target cells

without affecting non-infected cells.**’

Gooding et al demonstrated that biphenyl polyguanidinium carriers of siRNA, small
molecule carriers (SMoCs) based on amphipathic CPPs that combine both cationic and lipophilic
residues, internalize siRNA when co-administered to cultured fibroblasts.®” SMoCs do not have

to be cationic; Retro-1 is a SMoC of AONs. Intraperitoneal administration (in mice) of the AON
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immediately followed by intravenous administration of Retro-1, improved silencing to a lesser
degree than what can be accomplished with cationic liposomes, but nonetheless demonstrated an

improvement via its own mechanism.**®

Antibody

Figure 1.16. A fusion protein has been used to complex siRNA and direct it to target cells.

Reprinted with permission from reference 44. Copyright 2009 Nature Publishing Group.

1.4.2. Obstacles Encountered with Delivery Methods

The safe delivery of siRNAs to target cells and only target cells is paramount in SIRNA
therapeutics; unintended side effects, from the immune system and from other sources, are bound
to accumulate from the high doses of siRNA and vectors administered to animals. Efficient
systemic delivery and knockdown are thus requirements. Fortunately, a relatively low number of
SiRNA molecules loaded into RISC (500) are needed in the cytoplasm to elicit the desired
silencing effect regardless of the millions of sSiRNA molecules that can be delivered into the

cells.™
1.4.2.1. Non-Encapsulated Oligonucleotides

Naked chemically modified nucleic acids have been evaluated in the literature for their
unassisted cellular uptake. Many of those attempts use a very large concentration of
oligonucleotide to achieve cellular internalization in cell culture, which is not practical for

systemic human use.'*®

Naked chemically modified nucleic acids have, nonetheless, been
evaluated in clinical trials without the aid of delivery vehicles. Pulmonary epithelial cells, for
example, are unique in their affinity for carrier-free sSiRNA; respiratory syncytial virus infection

can be treated in mice by nasal administration.*®® However, in moving away from more easily
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accessible tissue, which can also receive intralesional administration or mediums such as
aerosols and ophthalmic drops, and towards less accessible targets, current drug candidates face
the serious drawback of invasive administration and the associated unwanted side effects.
Irritation at the site of injection and high local concentration of oligonucleotide causing
immunostimulation are common side effects. Systemic delivery of naked oligonucleotides is not
better; the lack of organ-specific distribution and rapid renal clearance causes low cellular uptake
efficiency. In fact, the recently FDA approved drug eteplirsen was administrated intravenously
once a week at doses of 30 mg/kg and 50 mg/kg in clinical trials, resulting in 64% and 69%,

1

respectively, of the drug being excreted in the urine after 24 hours.*** Nonclinical results

predicted these results as the drug was found in high concentrations in the kidneys and was

1

predominantly excreted in the urine.””® A forceful method such as hydrodynamic injection

actually causes right-sided heart failure."*” Two of the three FDA-approved nucleic acid drugs
to-date, fomivirsen, a phosphorothioated DNA antisense molecule, and pegaptanib (Macugen™),
a pegylated RNA aptamer with 2'-O-methyl and 2'-fluoro modifications, are injected directly into
the eye. Pegaptanib works extracellularly by binding to a membrane protein, which does not
require cellular membrane penetration, and its sales have severely declined due to the
development of a more effective antibody treatment. Mipomersen, one of the other FDA-
approved AONS, is injected subcutaneously once a week as 200 mg of sodium mipomersen in 1
mL of liquid.*? It accumulates in the liver to treat hypercholesterolemia by targeting the mRNA

for apolipoprotein B.

The use of cationic polymers complexed to nucleic acids, for example, is most severely
impeded by their polydispersity and inefficiency, as it is difficult to produce them in a defined

and uniform drug formulation.**®

In addition to the immune response that can be initiated by
CPPs, there is much uncertainty with these delivery systems. The mechanism of internalization
(e.g. receptor-mediated endocytosis) in relation to their sequence is still unclear as well as
whether they are able to cause endosome or membrane destabilization to release the cargo.
Ligands to cell surface receptors, including antibodies, can be used in conjugates to ensure
receptor-mediated endocytosis but also cause receptor saturation after repeated use and the

subsequent decrease in receptor expression by the cell.
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1.4.2.2. Encapsulated Oligonucleotides

The modification, assembly, purification, and administration of biological vectors that are
capable of evading the immune system through the engineered removal of their natural surface
markers and/or the concomitant use of immunosuppressive agents is a worthwhile task, but will
undoubtedly require a considerable amount of time for their development and success in clinical
trials. Bacteriophages, for example, must also be modified to evade rapid degradation by the
reticuloendothelial system (RES). This has been accomplished with lambda phage variants
carrying mutations in D and E capsid proteins,*** but the mechanism of this evasion is not
understood and they have not been tested in humans.'®

The use of positively charged lipids for the delivery of nucleic acids in lipoplexes has
been limited to in vitro applications due to strong toxicity in different cell types (causing cell
death, for example) as well as colloidal instability upon systemic administration. The positively
charged lipids aggregate with negatively charged serum proteins and accumulate mostly in the
liver, lungs, and spleen.'® Their use in vitro, however, is commonplace on account of their high
transfection efficiency.'?® PEG-derivatized lipids have been tested in vivo with expectations that
circulation would increase through binding to serum albumin and that their hydrophilicity would
form an aqueous shield to prevent labelling and recognition by the immune system.'> However,
repeated administrations caused a strong immune response that cleared the carrier rapidly from
the body. Work has been done to formulate more stabilized versions (e.g. SNALPs) with
different linker lengths to cause less immunogenicity, but the most successful candidates thus far
take advantage of the fact that foreign bodies accumulate in the liver, and thus target liver-
associated diseases. Unfortunately, the targeting of non-hepatic cells in late-stage clinical trials
has been rare. Newer versions of SNALPs use ligands such as antibodies and CPPs instead of
PEG to target specific tissues and to remove the impediment in cellular uptake that PEG causes.
Immune response can occur with CPP use, as it does with complexed CPPs. Receptor saturation

also occurs with the use of antibodies, and is thus an issue if CPPs are replaced with them.
1.4.3. A Prodrug Approach

An inactive, cell-penetrating form of a prodrug undergoes an enzymatically, chemically,

or thermally triggered transformation into an active form before it elicits its pharmacological
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effect. There is a multitude of small molecule prodrugs in use today. Tenofovir diisoproxyl is
an antiretroviral nucleotide analogue that is first chemically cleaved or enzymatically cut by liver
carboxylesterases into a metabolite that undergoes spontaneous decarboxylation and
formaldehyde release before a final cleavage by a phosphodiesterase (Scheme 1.1A).
Demasking is also not limited to hydrolysis of lipophilic groups; fospropofol is dephosphorylated
ubiquitously throughout the body by alkaline phosphatases to release the general anesthetic
propofol (Scheme 1.1B). Prodrug transformation is also not limited to demasking; prednisone is
reduced in hepatocytes into prednisolone for its immunosuppressive properties (Schemel.1C).

Given that dozens of potential SIRNA
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increase nuclease resistance, but unlike the previously mentioned modifications, their transient
nature would allow siRNA modified even at the 5-end of the antisense strand to possess high

potency once inside the target cell.

Promoieties have been utilized on the phosphate groups and the 2'-hydroxyl groups of
nucleic acids. However, the potential for undesirable side reactions, including their premature
cleavage, during standard solid-phase synthesis conditions creates a need for careful planning of
orthogonal protecting groups and reagents during oligonucleotide extension. Due to these
complications, examples of pharmacologically significant mixed base prooligonucleotides are
sparse.’®!% The idea, however, is not new. Prior to the development of nucleic acid prodrugs,
pronucleotides (protides) were developed as nucleotide 5'-phosphate prodrugs.  These
developments inspired researchers developing methods for the synthesis of the first

oligonucleotide prodrugs (“prooligonucleotides”) or “pro-ONs”.*?’

Scheme 1.2. The transformation of proRNA with 2'-promoiety modification occurs in the

body after cellular entry takes place.

1.4.3.1. Biocleavable Internucleotide Tags (‘Promoieties’) for Nucleic Acid

In 1995, researchers developed an a-hydroxybenzylphosphonate triester that rearranged
in basic buffer to a hydrolyzable benzylphosphotriester (Scheme 1.3).22 This modification
was inserted in thymidine dimers and poly-thymidine oligonucleotides using separate dimer

building blocks for 3'-end insertion and for 5-end insertion, which is a lengthy and tedious
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methodology.”***** The modification exhibited 3'-exonuclease stability in vitro, however its use

in a biologically significant pro-ON has not been demonstrated.

Agrawal and coworkers then synthesized oligodeoxynucleotides with S-acyloxyaryl
phosphorothioates in 1997. The more hindered 2,6-dimethylphenylacyl substituent, compared to
a tert-butyl one, evaded premature cleavage during nucleobase deprotection and support linker
cleavage with mild potassium carbonate in methanol. The mixed-nucleobase pro-ON was then a
substrate of pig liver esterase and chymotrypsin,*** but no demonstration of gene regulation has
thus far been demonstrated. Concurrently, a solid-phase synthetic protocol for incorporating a

variation of the S-acyloxyaryl promoiety, the S-acetyl-2-thioethyl (SATE) modification (Scheme

h,133 d.134

1.4) developed by Imbac was use Poly-thymidine thioesters were shown to have
stability in the presence of phosphodiesterases and in serum and gastric juice, while they were

transformed to phosphorothioates in cell extracts.
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Scheme 1.3. An a-hydroxybenzylphosphonate triester rearranges into a hydrolysable

benzylphosphotriester promoiety. Adapted from reference 128.

Other reversible internucleotide modifications to poly-thymidine oligonucleotides such as
the 2-(N-formyl-N-methyl) aminoethyl phosphate protecting group and the phosphonoacetate
protecting group have been characterized as possible pro-ON candidates based on their thermal
activation in buffered water or projected susceptibility to esterases while showing stability to

exonucleases, respectively.**>" However, their application to pro-ONs was not made.

Quite recently, Dowdy and coworkers implemented mild deprotection conditions for
mixed-base short interfering siRNAs with up to nineteen SATE-modified phosphotriesters and
either a GaINAc molecule at the 5'-terminal or up to four Tat peptides conjugated to the SATE
phosphotriesters.® These conjugates acted as functional siRNA after intracellular cleavage of

the triester linkers. This represents the first complete example of a pro-ON exhibiting unassisted

27



uptake (i.e. no lipids added) and causing gene downregulation. This ‘autotransfection’, however,
was only achieved after promoiety conjugation to GaINAc or Tat; i.e. the phosphate promoieties

alone were not sufficient to promote uptake.
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Scheme 1.4. The SATE modification decomposes into the active phosphodiester after

enzymatic transformation. Adapted from reference 133.

1.4.3.2. Promoieties in the Sugars of Nucleic Acids

Promoieties on the sugar of nucleic acids have been explored heavily by the Debart group
in the form of 2'-O-acetalesters.*****"'% |ndependently, the Damha lab published on 2'-O-acetal
levulinyl esters as a potential biocleavable promoiety.**® The 2-O-pivaloyloxymethyl ester in
particular (Figure 1.17A) has been exploited for its resistance against nucleases, its susceptibility
to esterases, and its relative ease of incorporation into the established solid phase synthetic cycle.
As such, a method for its incorporation in proRNA of mixed base composition was developed
using phosphoramidites. Synthesis of these building blocks were laborious requiring tboc
protection on adenine and cytosine nucleobases and 4,4'-dimethoxytrityl (DMTr) protection on
guanine.  Each monomer had either tert-butyl-dimethoxysilyl (TBDMS) protection or
pivaloyloxymethyl ester protection at the 2'-hydroxyl position. The RNA was grown on
hydroquinone-O,0O'-diacetic acid (Q-linker) solid support that was cleaved in tandem with the
nucleobase protecting groups, providing proRNA.*>® That work in 2011 described the first
synthesis of proRNA heteropolymers capable of gene silencing. However, these proRNA
required either a standard transfecting agent (Lipofectamine™) or the application of an external

field (electroporation).

Our lab independently published on the synthesis of poly-T strands containing up to three
2'-O-amino acid acetal ester moieties (AAEs). The three amino acids studied were lysine,
alanine, and phenylalanine. The latter appeared to be the most compatible during isolation and
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purification of the desired pro-ONs (Figure 1.17B)."*® The positive charge of the amino acid was
expected to enhance both RNA target affinity (by neutralizing phosphate/phosphate interactions)

and cellular uptake.

The Debart group built upon our work by synthesizing pro-ONs containing AAEs based
on basic amines (e.g. guanidine). For instance, the 2'-O-(2-amino-methyl-2-
ethyl)butyryloxymethyl modification (Figure 1.17C) when incorporated into 12-nt oligomers was
shown to confer moderate nuclease resistance and cellular uptake at the expense of duplex

destabilization.*
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Figure 1.17. There are several 2'-promoiety modifications explored in the literature for

use in oligonucleotides.

The Urata group designed the 2'-O-methyldithiomethyl (MDTM) modification in 2013
(Figure 1.17D) and assessed its gene silencing potential in sSiRNA containing 2'-O-MDTM-
uridine in 2016.**" The 2'-O-MDTM modification was introduced post-synthetically in one to
four positions to allow for the synthesis of the RNA skeleton using phosphoramidites with
standard protecting groups. SiRNA with 2'-O-MDTM modifications was fully reduced by 10
mM glutathione, which mimics an intracellular reducing environment. Cellular transfection of
the proRNA in a lipoplex resulted in siRNAs that had greater or equal potentcy than the
unmodified siRNA, regardless of the modification position.*! In 2016, the Debart group built
upon the post-synthetic instalment of 2'-O-alkyldithiomethyl (RSSM) modifications by
expanding the alkyl group to aromatic, aliphatic, negatively charged, positively charged, and
hydroxylated moieties. Four of each modification was inserted into the sense strand of an SIRNA
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and evaluated for thermal stability, 3'-exonuclease stability, helix conformation, and RNA purity.
They were also successfully reduced to unmodified strands with glutathione in buffer, displayed

with retention time shifts in HPLC that correspond to the unmodified sense strand.**?
1.5. Solid-Supported Synthesis of RNA

A proRNA approach is an attractive avenue for conferring targeted cellular delivery and
cytoplasmic accumulation; however, it first requires a development of prodrug moieties that are

amenable to solid-supported synthesis of nucleic acids.
1.5.1. Conventional Synthesis and Preparation of Oligonucleotides

The synthesis of oligonucleotides on functionalized controlled pore glass (CPG) solid
support for their release under basic conditions has become standard protocol. The iterative
cycle begins with removal of the DMTr protecting group from the support to reveal a hydroxyl
group available for coupling to the first nucleotide. Standard exocyclic nucleobase protecting
groups (PGs) are benzoyl (Bz) for adenosine (and sometimes cytosine), isobutyryl (iBu) for

guanosine, and acetyl (Ac) for cytosine.

The cycle shown in Scheme 1.5 starts with the detritylation of the first nucleotide bound
to the solid support. This is accomplished with 3% trichloroacetic acid (TCA) in
dichloromethane (CH,Cl,) and washing of the support with acetonitrile. The free 5'-OH group is
then coupled with a nucleoside 3'-O-phosphoramidite in the presence of a weak organic acid (e.g.
1H-tetrazole or 4,5-dicyanoimidazole) to produce the first phosphite triester internucleotide
linkage (step 2). After washing the support with more acetonitrile, any unreacted 5'-hydroxyls
are capped with acetic anhydride/N-methyl-imidazole (NMI) to prevent the growth of shorter
(failure) sequences (step 3). The P(lll) species of the newly-formed phosphite triester is then
oxidized to a P(V) phosphate triester with the common oxidizing solution of iodine (1) in
tetrahydrofuran (THF)/pyridine (py)/H,O (step 4). Sulfurization of the phosphite to a
phosphorothioate can be done by replacing the oxidation solution with a sulfurization solution
such as 3H-1,2-benzodithiol-3-one 1,1-dioxide (Beaucage’s Reagent) in acetonitrile (MeCN),
xanthane hydride in py/MeCN, or ((dimethylamino-methylidene)amino)-3H-1,2,4-dithiazaoline-
3-thione (DDTT) in MeCN.
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The cycle is repeated until the desired number of nucleotides is coupled. The cyanoethyl
group is commonly used to protect the phosphate moieties, whereas the nucleobases are
protected with acyl or aryl protecting groups. This cycle has been used to make oligonucleotides
of up to 200 units. Synthesis of longer chains is limited by the accumulation of side reactions
(e.g. depurination) and failure sequences as stepwise coupling yields are rarely quantitative
(typically 98-99% for DNA monomers and 96-98% for RNA monomers).
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Scheme 1.5. The solid-phase DNA and RNA synthesis cycle is multi-step. In the case of
RNA, the 2'-OH group is commonly protected with the tert-butyldimethysilyl group
(TBDMS), requiring an extra step (fluoride treatment) during deprotection of the RNA chain.

To obtain the desired oligonucleotide, solid support is treated with an aqueous amine
(step 6). This step serves several purposes. First, it cleaves the oligomer from the support,
which is commonly attached via a ‘universal’ UnyLinker ™ as shown in Scheme 1.6.*** The key
feature of this linker is an acetyl ester that is syn-planar to the 3'-terminal phosphate. Upon
treatment with 40% ammonia in water/ethanol (65°C, 10 min.), the unmasked hydroxyl group
attacks the phosphorous center cleaving the oligonucleotide from the solid support.**® This step

also cleaves the phosphate cyanoethyl groups and the nucleobase acyl groups. The use of

31



methylamine (MeNH;) must be avoided when cytosine is protected with a benzoyl (Bz) group to
avoid transamination.*** Normally, deprotection of N-isobutyryl guanine is the rate limiting step

to fully deprotect the oligonucleotide chains.**

With the cleaved oligonucleotide now dissolved
in aqueous basic solution, it can be separated from the support and lyophilized to a dry pellet.
Deprotection of RNA requires two extra steps, namely fluoride treatment to cleave the 2'-silyl

ethers (TBDMS) and precipitating out the oligomer in a solution of 3 M sodium acetate.
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Scheme 1.6. Release of oligonucleotides from the universal UnyLinker™ under basic

conditions. Adapted from reference 143.

1.5.2. Nucleobase Protecting Groups for Base-Sensitive Oligonucleotides

Under acidic conditions, ribonucleosides are more resistant to glyosidic bond cleavage
relative to deoxynucleosides, owing to the destabilization of the oxycarbenium intermediate. As
such, the oxycarbenium intermediate of deoxyadenosine shown in Scheme 1.7 is more stable
than that of riboadenosine. The purine nucleobases (adenine and guanine) are particularly
vulnerable to N-glycosidic bond cleavage.**> For example, N6-acyl-2'-deoxyadenosine bound to
solid support undergoes depurination readily in 3% trichloroacetic acid in dichloromethane after

146

1 hour.™™ While protonation at either N1 or N7 is possible, protonation at N7 is favoured for

N6-acyl adenine derivatives as the acyl group decreases the basicity of the N6-C6=N1 amidine
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Scheme 1.7. The depurination of 2'-deoxyadenosine (dA) through an oxonium ion is

encouraged by the N-acylation of the exocyclic amine at C6 of the purine ring.
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The multiple exposures to acidic conditions during oligonucleotide synthesis fuelled
interest in the development of alternative protecting groups for the nucleobases. There now
exists a vast repertoire of protecting groups that are cleaved quickly under milder conditions

> many of which have found utility in the deprotection of

(reviewed by Beaucage et al.),
oligonucleotides containing sensitive functionalities such as those used in the development of

nucleic acid prodrugs.

Amidine-protected dA (Figure 1.18A) is more resistant to depurination (e.g. relative to
N®-benzoyl dA), as N1 protonation is favoured over N7 protonation.**” This type of protecting

148149138 and cytosine'® nucleosides and is cleavable by

group is suitable for guanine
NH,OH8149150 a5 \well as hydrazine hydrate (NH,NH»H,O) in py/acetic acid (AcOH)

buffer, 151138

The 4,4'4"-tris-(benzoyloxy)trityl (TBTr) group (Figure 1.18B) has been used for
protection of the exocyclic amine of all three canonical nucleobases as it also decreases the rate
of glycosidic bond cleavage relative to N®-Bz dA.™? It is removed with 2 M sodium hydroxide
or N'N* N3 N3-tetramethylguanidinium 2-pyridinecarboxaldoximate.’®*  However, N-TBTr
protected purines (dG) couple poorly during solid-phase synthesis, likely due to steric

hindrance.'*®

Fluoroenylmethoxycarbonyl (FMOC) protection (Figure 1.18C) affords protected
nucleosides that are more resistant to depurination relative to N6-Bz dA.*** It is removed from

158 or oximate

the nucleobase with NH,OH/py,>* non-nucleophilic triethylamine (NEts),
ions.™>*1>> Another avenue for reducing the depurination rate of N6-acylated deoxyadenosine is
replacing the 5'-hydroxyl protecting group DMTr with the base sensitive FMOC group and thus
entirely eliminating the need for acid mediated deprotection steps.**® Non-nucleophilic bases
such as NEt; or 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) can be used to deblock the FMOC in
this case,™’ but larger oligonucleotides result in truncated sequences and/or side products that are
most likely due to reactive dibenzofulvene generated during deprotection.™®® Morpholine and
piperidine, on the other hand, reversibly added to this byproduct to significantly improve

yield. ™
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While it only mildly slows down depurination rates, the phenoxyacetyl group (Figure
1.18D) has become widely used given its fast deprotection rates at room temperature (NH;OH, 1

Y This is particularly important when

min, or potassium carbonate in methanol, 44 min).
deprotecting RNA oligomers as prolonged ammonia treatment can lead to premature cleavage of

the 2'-TBDMS groups followed by fragmentation of the RNA chain.*®
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Figure 1.18. Structure of protecting groups used on the exocyclic amine of nucleoside
phosphoramidites for the synthesis of base sensitive oligonucleotides (a dA monomer is

shown as an example).

Some other alternative protecting groups for the exocyclic amines are levulinyl (Figure
1.18E) and silicon-containing groups (Figurel.18F). The levulinyl group can be cleaved with
NH,NH,-H,0 in py/AcOH — conditions that do not cleave the oligonucleotide from the solid
support.*®® The Damha lab has used the group for nucleobase and 2'-protection of riboadenosine
and ribocytidine nucleotides to prepare oligonucleotides and achieve full deprotection by
hydrazinolysis at room temperature.’®®  The 2-(tert-butyldiphenylsilyloxymethyl)benzoyl

(SIOMB)*2183 and 2-(triisopropylsilyloxy)benzyloxycarbonyl (tboc)*?®

groups are both cleaved
from oligonucleotides by fluoride ions. The protecting groups discussed in this section are all

worthy candidates for proRNA synthesis, a topic discussed in Chapter 5 of this thesis.
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1.6. Thesis Objectives

Cellular delivery of therapeutic ONs remains a pivotal issue that must be overcome.
Unmodified siRNA in particular is highly hydrophilic and susceptible to nuclease degradation.
The hydrophobicity, negative charge, and susceptibility to nuclease degradation of unmodified
SIRNA pose challenges for their delivery and uptake into cells, particularly following systemic
administration.  All chapters of this thesis concern the synthesis, evaluation, and/or
characterization of siRNA modified with novel moieties selected for improving cellular uptake.
We will focus our work on the derivatization of the 2'-hydroxyl group of the ribose sugar in an
attempt to enhance delivery of siRNA into cells. More specifically, we will append amino acids
via 2'-O-acetal ester (AAE) moieties designed to be positively charged under physiological

conditions.

1.6.1. Chapter 2: Development of Amino Acid Acetal Esters as Promoieties of RNA
Prodrugs

Nucleosides containing L-alanine, L-lysine, L-proline, and L-phenylalanine acetal esters
will be synthesized and incorporated into poly-thymidine ONs. The ONs will be synthesized on
photocleavable solid support recently developed in our laboratory.*®* These studies will expand
previous work conducted on ONs containing the 2'-O-acetal levulinyl ester (ALE)
promoieties.®® These studies demonstrated that 2'-O-ALE groups are prematurely removed
during synthesis and purification of the ONs. Thus, the first objective will be to assess the
chemical stability of the 2'-O-AAE moieties to ON solid-phase synthesis, purification, and
conditions that mimic the physiological state. The chemical reactivity and physical properties of
2'-O-AAE ONs will be useful for designing potent siRNA prodrugs (proRNA). Thus another
objective is the development of a protocol for the synthesis of poly-thymidine ONs with
completely intact 2'-O-AAEs.

1.6.2. Chapter 3: Fluorometric Assay for Cellular Uptake of Amino Acid-siRNA

Conjugates

Chapter 3 examines proRNAs containing 2'-N-acyl-amino acid modifications [2'-
NHCOCH(R)NH3(+)], which are expected to be significantly more stable than 2'-O-AAEs. This

requires the synthesis of nucleoside amino acid conjugates and their incorporation into SiRNAs.
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The conjugates (containing fluorophores attached at the 5'/3'-termini) will be assessed for their
ability to increase the cellular uptake of the siRNA via flow cytometric fluorescence resonance
energy transfer (FCET). Uptake will be assessed in human glial cells and other cell lines.
Another objective is the design of siRNA conjugates that are taken up by cells without

transfection.
1.6.3. Chapter 4: Gene Silencing Properties of Amino Acid-siRNA Conjugates

Chapter 4 examines the ability of sSiRNA containing 2'-N-acyl-amino acid modifications
to knockdown two endogenous genes; namely, downregulated in renal cell carcinoma (drr) and
B-cell lymphoma 2 (bcl-2). The effect of 2'-N-acyl-amino acid moieties on the thermal melting
temperature, uptake, lipophilicity, and nuclease stability of the SIRNAs will also be assessed.

1.6.4. Chapter 5: Towards a Method for the Synthesis of proRNA

Chapter 5 describes preliminary studies aimed at the solid phase synthesis of 2'-O-AAE
modified proRNAs of mixed base composition. Such syntheses are a tall order as they require
orthogonal deprotection of the phosphate linkages and nucleobases, and release of the RNA from
the solid support under conditions that do not cleave the 2'-O-AAE moieties. Towards this goal,
we assess N-FMOC protection of the nucleobases and a photocleavable solid support. In
principle, the N-FMOC groups can be cleaved with mild base under anhydrous conditions, while
the RNA can be photocleaved from the solid support under conditions that minimizes cleavage
of the 2'-O-AAE moieties.
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Chapter 2: Development of Amino Acid Acetal Esters as Promoieties of RNA Prodrugs

2.1. Amino Acid Promoieties in Prodrugs
2.1.1. Small Molecules

There are many examples of amino acid based prodrug moieties that have been
conjugated to pharmacological compounds for their ability to improve the drug’s solubility in
serum, enhance bioavailability, increase cell permeability, target cellular membrane transporters
in specific tissues, and overcome resistance, among other things." Sustained release of active
drug through the constant delivery and hydrolysis of a prodrug, as opposed to the abrupt release
of a drug from a liposome, microsphere, or hydrogel formulation, reduces its en route
susceptibility to changes in absorption.! For example, D-amphetamine (Scheme 2.1) is a
psychostimulant for attention deficit/hyperactivity disorder (ADHD). It is delivered via its L-
lysine amino acid amide prodrug lisdexamfetamine dimesylate (LDX)? in slow-release fashion,
which also decreases abuse potential if inhaled or injected. Amino acid promoieties can be
biotransformed in the intestines if administered orally, in systemic circulation if injected

intraveneously, or in target cells once internalized.®

Scheme 2.1. The release of D-amphetamine from LDX occurs by amide hydrolysis in red
blood cells.

2.1.2. Nucleosides

Many amino acid-conjugated nucleoside derivatives exist, far and beyond their use in
nucleic acids.*>®" Valacyclovir and valganciclovir (Scheme 2.2) are two of the more significant
prodrug compounds that feature amino acid promoieties. While the charged L-valine-conjugated
prodrugs have low membrane permeability, L-valine is exploited as a means for absorption by
intestinal proton-coupled peptide transporter 1 (PepT1, SLC15A1) and intestinal Na’-dependent
neutral amino acid transporter (ATB%*, SLC6A14).2° Once inside the cell, valacyclovir and
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valganciclovir are hydrolyzed to acyclovir and ganciclovir, respectively. Next, thymidine kinase
processes them to monophosphates and cellular kinases transform them to their respective

triphosphates, enabling them to function as antiherpetic drugs.

0 valacyclovir

® S «ij{” ST Ri=H
NH; R NN"ONH, ——— R NTN"NH, © 9 90 0 R NTN"ONH, o
. O\/,\o) HO\%O) 0-P-0-P-0-P- O\/\O) valganciclovir
0O 0 © R, = CH,OH
o © © ©

Scheme 2.2. The bioconversion of valacyclovir and valganciclovir proceeds first by

valacyclovirase and then by kinases.

2-Bromo-5,6-dichloro-1-(B-D-ribofuranosyl)benzimidazole (BDCRB) is a potent and
selective inhibitor of human cytomegalovirus. BDCRB faces the large hurdle of overcoming
DNA glycosylase-mediated depurination via 8-oxoguanine and N-methylpurine intermediates by
8-oxoguanine DNA glycosylase (OGG1) and N-methylpurine DNA glycosylase (MPG),
respectively.’® An L-aspartic acid ester of the drug improves its in vivo metabolic stability,
which increases its circulation time and bioavailability before it is enzymatically hydrolyzed into
the active compound (Scheme 2.3A).*! In a similar fashion, gemcitabine, an anticancer agent
with poor membrane permeability and vulnerability to glycosidic bond breakage by cytosine
deaminase, was esterified with L-isoleucine (Scheme 2.3B). The resulting prodrug was resistant

to deactivation.'?
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Scheme 2.3. The bioconversion of A) BDCRB and B) gemcitabine is achieved by hydrolases.

2.2. A Screening of Acetal Amino Esters (AAES)
2.2.1. Advantages of 2'-O-AAEs

Amino acid esters are appealing promoieties because: 1) The amine is available for

ionization; 2) there is a variety of chemically diverse R groups to choose from; and 3) they are
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non-toxic when released into the body. The general structure of the amino acetal esters (AAES)
investigated is shown in Figure 2.1 and their structural features are summarized in Table 2.1.
The ribose sugars are conjugated to their respective esters through acetal linkers. This is an
artifact of monomer synthesis, necessary to prevent isomerization (without this linker, a 3'-
hydroxyl is vulnerable to 2'/3' ester migration, as this is a vicinal diol system). Following the
installation of the 2'-O-ester, the nearby 3'-hydroxyl must first be deprotected to enable 3'-O-
phosphitylation in the presence of diisopropylethylamine (DIPEA).

Side chain variations were explored to investigate several potentially advantageous
features — the additional positive charge of L-lysine, the aromatic group of L-phenylalanine, the
small methyl group of L-alanine, and the strained cycle of L-proline. The additional positive
charge of lysine (Lys) was expected to further counteract the repulsive effects of the phosphate
group to the cellular membrane, thereby inducing the greatest cellular uptake of a hypothetical
oligonucleotide; phenylalanine (Phe) was expected to cause the second greatest level of cellular
uptake of an oligonucleotide conjugate on account of its non-polar side chain; and proline (Pro),
second-to-last, was expected to cause cellular uptake of an oligonucleotide conjugate to a slightly

greater extent than alanine (Ala) due to its additional methylene group.

Table 2.1. The purpose of the 2'-O-AAE modification in oligonucleotides.

Feature | Purpose 0

Linker | Prevents 23" ester migration during KJ\NH
phosphoramidite synthesis | Y

Side R = -(CH,)sNHs" (Lys), additional positive %N N~ ~O

chain charge, pK, = 10.53 o side chain
R = -(CH,)3NH,"- (Pro), positively charged R
aliphatic cycle, pK, = 10.96 O O OW(L@ .
R = -Bn (Phe), uncharged aromatic o@|='>:o ¥ NH3}amme
R = -CHg; (Ala), uncharged aliphatic ooy linker O

Amine | Positive charge at physiological pH to | Figure 2.1. Features of the 2'-O-
counteract negative charge of phosphate group

AAE modification.

A nucleophilic attack on the promoiety would release the amino acid and formaldehyde
as shown in Scheme 2.4. Formaldehyde is an endogenous product of human metabolism, as well
as an abundant dietary constituent in both food sources and the environment. The quantity of
formaldehyde that would be released in the patient from a 2'-O-AAE siRNA is estimated to be
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negligible relative to the body’s basal level of formaldehyde. Thus, the introduction of small

amounts of formaldehyde would be unlikely to cause toxicity.*®

(0] o
f* H (X
N v\gv N (6]
l (R bioactivation 0 o - R o
on-C YkﬁHs QO T TLNHa
o= P O CO) O0-P=0

Scheme 2.4. The proposed bioactivation of a 2'-O-AAE releases an amino acid.

2.2.2. Synthesis of 2'-O-AAE Monomers

Uridine 2'-O-AAE monomers were comprised of protecting groups compatible with
standard solid-supported synthesis (Scheme 2.5). First, the 3'- and 5'-hydroxyl groups of uridine
nucleoside were simultaneously protected via the installation of a 1,1,3,3-
tetraisopropyldisiloxane bridge (with Markiewicz reagent). Next, the 2'-hydroxyl function was
subjected to a mixture of dimethylsulfoxide, acetic acid, and acetic anhydride
(DMSO/ACOH/AC,0 1.5:1.5:1 v/ivlv), resulting in a Pummerer-type reaction to form a 2-
methylthiomethylene (MTM) ether (first reported by Zavgorodny et al. and later modified by

Rastogi et al.)"*

The MTM ether 3 was activated with sulfuryl chloride and the transient
product was coupled to the cesium salt of an N-FMOC-protected amino acid. The 5/3'
protecting group of 4a-d was removed with triethylamine trihydroflouride (NEts-3HF) and the

products 5a-d were subjected to dimethoxytritylation and phosphitylation to yield products 7a-d.
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Scheme 2.5. The synthesis of phosphoramidite monomers containing 2'-O-AAE

modifications began with uridine nucleoside.
2.2.3. Oligonucleotide Synthesis

Standard solid phase synthesis reagents were used to produce 15- and 21-nucleotide (nt)-
long poly-thymidine oligonucleotides with intervening uridine 2'-O-AAE units (Scheme 2.6). A
photocleavable linker was connected to the phosphate triester of a thymidine dimer and the
oligonucleotides were grown from the 5'-end of the dimer. For those oligonucleotides containing
alanine, phenylalanine, or lysine modifications, oligonucleotide synthesis was done on a dimer
that had a terminal 3'-levulinyl group (Y1 = OLev). The levulinyl group was not removed during
deprotection of the oligonucleotide, thus remaining on the final product. For the oligonucleotide
containing proline modifications, oligonucleotide synthesis was done on a dimer that contained a
3'-terminal dideoxythymidine (ddT; Y, = H). N-FMOC and phosphate protecting groups were
removed concomitantly with triethylamine/acetonitrile (NEts/MeCN 2:3 v/v), thus not requiring
the standard treatment of aqueous ammonia. Standard ammonia treatment would also cleave the
2'-O-AAE prematurely. In fact, care must be also exercised with NEt;/MeCN reagent, as the

presence of water will likely cleave the AAE groups under aqueous basic conditions. In the last
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step, the oligomers were released from the solid support with ultraviolet radiation (Amax = 350
nm) in acetonitrile/diisopropylamine (MeCN/DIPEA 99:1 v/v). The prepared oligomers are
listed in Scheme 2.6.

S'-toUanermoc)tsg3'

“g“‘ o Ura w and é

0 5"t5UAAE(FMOC)t4UAAE(FMOC)t4UAAE(FMOC)t553'
X
0 o_o_~
o-t=o rNHZ 1) 3:2 MeCN/NEt; | 2) MeCN + 1% DIPEA
. RT, 18 hr. hv 350 nm, 21 min.
solid support with linker = 5'-tgUpnets-3"
DMTrO Thy and
o o
S-tsUnaetsUnaetsUnaets-3'
Go—N o
H \
O'T:O 15-mer  21-mer
NO, o Thy X; = CHy (Ala), Y4 = OLev A1 A3
o X, = Bn (Phe), Y = OLev B1 B3
X3 = (CH,)sNH, (Lys), Y; = OLev  C1 c3
Y X4 = (CHy)3NH- (Pro), Y, = H - D3

Scheme 2.6. The synthesis of 2'-O-AAE oligonucleotides was initiated from a photocleavable

linker attached to CPG solid support.

2.3. Purification and Characterization of 2'-O-AAE Oligonucleotide Conjugates

As indicated above, all deprotection steps were conducted in a nearly anhydrous manner
to avoid base-catalyzed hydrolysis of the AAE groups prior isolation and characterization of the
target 2'-O-AAE oligonucleotides. Likewise, the use of basic buffers should be avoided during
purification of oligonucleotides and handling prior to mass spectrometry analysis. Nonetheless,
we found that the crude oligomers Al, B1, C1, and D3 comprised a mixture of oligonucleotides

that lacked one or more 2'-O-AAE groups.

Table 2.2 reveals that the QTOF mass analysis of the syntheses B1 and B3 detected
oligonucleotides with all of the 2'-O-AAE inserts intact, while fully modified oligonucleotides
were not detected from syntheses Al, A3, C1, C3, and D3. This suggests that the 2'-O-
phenylalanine acetal ester (2'-O-Phe) modification is the most stable out of the 2'-O-AAEs
investigated. Mass characterization of the conjugates was not utilized to quantitatively compare

the degree to which the 2'-O-AAE modifications were retained, however; reversed-phase high-
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performance liquid chromatography (RP-HPLC) was used to compare the relative amounts of

hydrolysis products in each sample.

a single major peak whose mass corresponded to the unmodified oligomer (Table 2.2 column 1).

Thus, the three 2'-O-proline acetal ester inserts were completely hydrolyzed prior to HPLC

The RP-HPLC trace (Figure 2.2) of crude proline-containing oligonucleotide D3 revealed

analysis. In contrast, the chromatogram of crude 15-nt phenylalanine-containing oligonucleotide

(B1) revealed three main products (Figure 2.3A). The most retained eluting peak 8 (ca. 30 min)

was assumed to be the desired B1 strand, and in fact confirmed to be the case from a series of
MS-QTOF experiments described below.

Table 2.2. Some expected mass values of 2'-O-AAE-containing oligonucleotides were observed.

1 2 3 4 5 6
Synth | No modification | Oinserts + Lev | 1insert- Lev 1 insert 2 inserts 3inserts
-esis Calc. Found | Calc. Found | Calc. Found | Calc. Found | Calc. Found | Calc. Found
Al? 4502.9 | 4503.0 | 4600.9 | 4601.1 | 4603.5 | - 47015 | -
B1? 4502.9 | 4503.1 | 4600.9 | 4601.1 | 4680.0 | 4680.2 | 4778.0 | 4778.3
c1® 4502.9 | 4502.8 | 4600.9 | 4601.2 | 4661.0 | - 4759.0 | -
A3 6332.1 | - 6430.1 | 6430.3 | 6434.3 | - 6532.3 | 6531.2 | 6632.2 | 6632.3 | 6733.3 | -
B3P 6332.1 | - 6430.1 | - 6509.2 | - 6607.2 | 6606 6784.3 | 6783 6961.4 | 6963
c3® 6332.1 | - 6430.1 | - 6490.2 | - 6588.2 | 6586 | 6746.3 | 6747 | 6904.4 | -
D3 6313.0 | 6313.0 64400 | - 6567.0 | - 6694.0 | -

Legend: Reported values are in atomic mass units (amu); * = detected as highest mass value after

RP-HPLC isolation; ® = crude sample; (-) = mass not found; grey shadow = not applicable.

AL
400

350
300 —
250 3
200 3
150 é

100 —

a
o 0

Time (min)

Figure 2.2. The RP-HPLC trace of D3 reveals one main peak.
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Purified product B1 (from peak 8) was collected in buffered HPLC water, allowed to sit
at room temperature for several hours, and lyophilized for mass analysis. The three masses
obtained corresponded to an oligonucleotide containing 1) one 2'-O-Phe insert and the 3'-O-Lev
(Table 2.2 column 4); 2) the 3'-O-Lev (Table 2.2 column 2) and; 3) no modifications whatsoever
(Table 2.2 column 1). Mass analysis of the lyophilized product 9 detected two oligonucleotide
products — one containing a 3'-O-Lev group, and another oligonucleotide containing no
modifications whatsoever. Mass analysis of product 10 detected only the unmodified oligomer.
Therefore, the identities of products 8, 9, and 10 (Table 2.3) were inferred from the heaviest
value obtained in their mass spectrogram. In similar fashion, isolation, lyophilization, and
reinjection of B1 (peak 8) into the HPLC provided a mixture of B1 (peak 8), 9, and 10 (Figure
2.3B). Similarly, reinjection of lyophilized product 9 appeared as a mixture 9 and 10 upon
HPLC analysis. Reinjection of lyophilized 10 did not show any additional product. This is all

consistent with the assigned structures shown in Table 2.3.

A) 8 B) 8

10 10

T ) T T ) T T T
26 28 30 3z 26 =a a0 az

Time (min) Time (min)

Figure 2.3. RP-HPLC analysis of A) crude B1 consists of three main oligonucleotides (8, 9, and
10). Peak 8 corresponds to oligomer B1. Collection of peak 8 and reinjection produces the trace

shown in panel B), suggesting that oligomers eluting as peaks 9 and 10 derive from B2.

Interestingly, mass analysis of crude oligomer
B1 (i.e. as isolated after cleavage from the support and  Table 2.3. Three products were
before purification), detected a 15-mer oligonucleotide  purified in the synthesis of B1.

containing a 2'-O-Phe insert without the 3'-O-Lev ester | product Sequence

(Table 2.2, column 3). This product did not constitute a | 8 S -tgUophets-3'-OLev

major peak in the RP-HPLC chromatogram of the crude 9 5tUonls-3-OLev
10 5'-tgUonts-3'-OH

synthesis; however, it suggests that the rate of
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hydrolysis of 2'-O-Phe acetal is comparable to that of the 3'-O-Lev group. This is in contrast to
the corresponding alanine- (Al) and lysine-containing (C1) 15-mer mixtures which always
contained a 3'-O-Lev moiety. One could infer from this that the rate of hydrolysis of lysine and
alanine AAEs may be faster than that of the 3'-O-Phe acetals.

oo

Relative abundance (%)

o bh ittt aotnbiircatd 0 R B el ol o ittt bidaratbil b b bin e
Mass-to-charge, m/z (amuy)

Figure 2.4. The mass spectrogram of crude B1 reveals four compounds.

Consistent with this conclusion, fully modified alanine- and lysine-containing
oligonucleotides were not detected by RP-HPLC. Both crude RP-HPLC chromatograms of the
15-mers shown in Figure 2.5 reveal two products (9 and 10) lacking 2'-O-AAEs. Furthermore,
RP-HPLC reinjection of the collected and lyophilized product 9 resulted in the reappearance of

product 9 in the chromatogram and a modest amount of product 10.

A) B)

15 17 23 25

1'9I'ime (min)z1
Figure 2.5. The RP-HPLC traces of crude A) Al and B) C1 reveal that the 2'-O-Ala and
2'-O-Lys AAE groups are cleaved prior to purification.

Time (min)

Table 2.4. Two products were purified in

the synthesis of Al and C1.
Product Sequence

9 5'-thOHt5-3'-OLev
10 5'-tgUonts-3'-OH
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The RP-HPLC chromatogram of the oligomer with three 2'-O-Phe AAE inserts (B3) was
more complex, but consistent with what was previously observed for B1. The RP-HPLC trace of
the crude oligomer consists of a mixture of five major peaks (Figure 2.6; Table 2.5). In the same
fashion as described above for B1, isolation, lyophilization, and reinjection of major products
collected (peaks 11-15) revealed an oligomer with the same retention time as well as all of the
lesser-retained peaks. MS analysis of these are consistent with oligonucleotides containing 1) all
three 2'-O-Phe inserts as well as a 3'-O-Lev moiety (Table 2.5, 11); 2) two 2'-O-Phe inserts as
well as a 3'-O-Lev moiety (Table 2.5, 12); 3) one 2'-O-Phe insert as well as a 3'-O-Lev moiety
(Table 2.5, 13); 4) no 2-O-Phe inserts but a 3'-O-Lev moiety (Table 2.5, 14); and 5) no
modification whatsoever (Table 2.5, 15). The sequences of the products listed in Table 2.5
include the possible sequence positions of 2'-O-Phe modifications present in products 12 and 13

(assuming that retention times of regioisomers do not vary).

Table 2.5. The isolation of B3 produced
several oligonucleotides with masses and

HPLC profiles consistent with the oligomers

12 listed.
13 Product Sequence
H 11 5"-tsUopnetsUopnetaUopnets-3-OLev
- 12 5'-tsUophetaUophetsUonts-3'-OLev
1o 5"-tsUophetaUontaUophets-3-OLev
5'-tsUontsUophetsUophets-3'-OLev
N : R B B 13 S"-tsUophetaUontsUonts-3'-Olev
Figure 2.6. RP-HPLC trace of crude B3 5"tsUortsUopnelsUorts-3-OLev
reveals five oligonucleotides. 5tsUontsUontsUornets-3-OLev
14 5'-tsUontsUontsUonts-3'-OLlev
15 5-tsUontsUontsUonts-3'-OH
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2.3.1. Effect of 2'-O-Phenylalanine Acetal Ester on poly-T/poly-rA Stability

The crude samples Al, B1, and C1 were annealed to their poly-adenosine complement in
phosphate-buffered saline (PBS, pH 7.4) and thermal melting temperature (T,) values were
determined (Figure 2.7). The unmodified duplex (toUts:A;5) differed from the amino acid-
modified duplexes in that it contained an unmodified uridine residue in the position of the 2'-O-
AAE uridine residue. It also did not contain a terminal 3'-O-Lev moiety because it was
synthesized on a standard UnyLinker™ support. The effect on Ty, of possible levulinyl
hydrolysis during data collection was assumed to be negligible since the modification was

located at the terminus of the duplex.
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Figure 2.7. Ty, curves (melting and cooling) were obtained for the duplexes of poly-
adenosine annealed to A) toUts, B) A1, C) B1, and D) C1.

From the HPLC and MS analyses discussed in section 2.3.1, the bulk of the
oligonucleotides contained in the crude mixtures of syntheses Al and C1 were expected to
contain no alanine or lysine acetal esters, respectively. Any oligonucleotides in the mixture that
contained 2'-O-AAE insertions were expected to be hydrolyzed during the 3.5-hour data
collection time set for each denaturing and reannealing curve. T, values were expected to be
essentially the same as the unmodified control as a result. In reality, this was true for the duplex

made from sample C1 (AT, = 0.0°C, Table 2.6). The duplex made from Al revealed a
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destabilization of two degrees below the unmodified control (AT, = -2.0°C). However, because
this data was obtained from single experiments rather than triplicates, it is not possible to infer

on the statistical significance of these results.

Table 2.6. T, values were
recorded for each 2'-O-AAE

duplex containing one insert.

Duplex Tm AT
(’C) (°C)

toUt5:Ass 32.0

Al:Ass 30.0 -2.0

Bl:As 27.0 -5.0

C1ZA15 32.0 0.0

The duplex made from crude sample B1, on the other hand, revealed a five-degree drop
in Ty, suggesting again that the 2'-O-Phe moiety is destabilizing. This is not necessarily a
disadvantage, as incorporation of the modification in a therapeutic sSiRNA can be placed so as to
introduce a thermodynamic bias that favours the loading of the intended guide strand into the
RISC complex.’® Specifically, the manner by which Argonaute 2 selects the guide strand
involves choosing the strand with the less stable 5'-end hybridization to the duplex.
Consequently, the incorporation of the 2'-O-Phe modification nearer to the 5'-end of the guide
strand or nearer to the 3'-end of the passenger strand is expected to destabilize that end of the

duplex, inducing guide strand selection.®
2.3.2. Analysis of 2'-O-AAE Oligomers on a Denaturing Polyacrylamide Gel

To infer on the electrophoretic mobility of the conjugates, crude samples of
oligonucleotides containing the smallest amino acid R group (A6 and Al) were loaded onto a
denaturing polyacrylamide gel and subjected to electrophoresis in parallel to unmodified strands
of the same sequence (E6 and E1) (Figure 2.8). Each positive charge was expected to neutralize
one of the negative charges on the phosphodiester linkages, thereby lowering the mobility of the
oligonucleotide one unit per 2'-O-alanine acetal ester. The added mass of the 2'-O-AAE, even if

small, would also contribute to the slower electrophoretic mobility. One of the sequences tested
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was a 21-nt poly-thymidine with six interspersed inserts of 2'-O-Ala uridine (A6), built using
phosphoramidite 7a in Scheme 2.5 and deprotected according to Scheme 2.6. The
electrophoretic mobility of this compound was contrasted to that of a 21-mer of equivalent
sequence (E6), synthesized on a UnyLinker™ solid supoport. The other pair of sequences tested
was the 15-mer comprising a single insert of 2'-O-Ala uridine (A1) and a 15-mer comprising a
single insert of 2'-hydroxyl uridine (E1). It was predicted that the former set of oligonucleotides
would display a larger difference in mobility because of the six-fold increase in positively
charged inserts.

A6
Al
Al
El

© ©
< Ll

AG6: 5.'ttUOAla ttUOAIa ttUOAIa ttUOAIa ttUOAIa ttUOAIa ttt-3'-OLev
E6: 5'-ttU ttU ttU ttU ttU ttU ttt-3'-OH

A1: 5t tht ttt Uop,tt tit-3'-Olev
E1: 5'-ttt ttt ttt Utt ttt-3'-OH

Figure 2.8. Oligonucleotides A6 and Al are
retained on polyacrylamide gel compared to their

unmodified counterparts, E6 and E1, respectively.

The modified sequences were indeed retained relative to their corresponding unmodified
sequences (Figure 2.8). The slight difference in retention of the A-series in comparison to the
corresponding E-series, however, was likely due to the terminal 3'-levulinyl group on the A-
series oligonucleotides. As explored in section 2.3.1, this is a consequence of acetal ester
hydrolysis in aqueous buffer. The main band of the modified 21-mer sequence (A6) was
extracted from the gel and subjected to LC-ESI-QTOF. The deconvoluted mass peak (6373.5
amu) corresponded to the potassium adduct of the unmodified sample (6334.89 + 38.96 =
6373.85 amu); none of the six insertions of 2'-O-Ala AAE were detected in the crude sample. As
a result of this continued inability to produce a highly modified oligonucleotide containing 2'-O-
Ala, 2'-O-Lys, or 2'-O-Pro AAEs, the our attention was directed on the 2'-O-Phe AAE for further

studies. Gel electrophoresis was done on a stable version of the 2'-O-Phe AAE in section 4.6.
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Nevertheless, the gel reveals very few failure sequences (low intensity of n-1, n-2, and
other truncates in the 21-mer sequence), indicating that the coupling of the 2'-O-Ala

phosphoramidite monomers proceeds efficiently.

2.4. An Estimation of the Half-Life of the 2'-O-Phenylalanine Acetal Ester

RP-HPLC chromatograms of the purified oligomer
containing one 2'-O-Phe insert (B1) shows that cleavage o ‘
occurs during isolation (collection and evaporation step) and l‘J .—11
reinjection of the oligomer into the HPLC column (Figure ‘JLU"LL
2.3). This comparison was done several times in order to
confirm the disappearance of the most retained 2 hr. |
oligonucleotide, but it was not repeated over enough JJ”iH
intervals to estimate a half-life of the fully modified U
oligonucleotide before it was completely used up. The crude e . ™
mixture of oligonucleotides containing three 2'-O-Phe - l “ 13
modifications (B3), on the other hand, was dissolved in | '
phosphate buffered saline (PBS, pH 7.4) and incubated at
37°C. Aliquots were removed after 0, 2, 5, and 20 hours, T
and analyzed by RP-HPLC. The resulting traces are shown
in Figure 2.9. Each peak was identified as previously

described (Table 2.5). As internal reference, an arrow 15 Ll

identifies the peak corresponding to oligonucleotide
intermediate 14 (5-tsUontsUontsUontstore-3"; Re = 20 min) S . WS
shown in Figure 2.6. The HPLC traces show that the o ;I:ime'(miﬁ.)
relative amounts of peaks change over time with ‘late”  Figure 2.9. The gradual
eluting peaks converting to ‘early’ eluting peaks, consistent hydrolysis of B3 in PBS

with the stepwise hydrolysis of the ester moieties over time. occurs within hours.

At t =0 hr, the highest peak in the sample corresponded to oligomer 12, likely a mixture
of 5'-tsUophetaUophetsUontatorev-3', 5'-tsUophetaUontaUopnetatiev-3', and 5'-
tsUontsUopnetaUophelstore-3' (Table 2.5). After 5 hours there is only a trace of the fully modified
oligomer 11 (5'-tsUophetsUophetaUopretstorev-3').  The highest peak corresponds to the single-
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modified product 13 with three possible locations of the 2'-O-Phe modification, specifically 5'-
tsUophetsUontsUoHtstolev-3',  5-tsUontsUopnetsUotstorer-3',  and  5™-tsUontsUortsUophetstore-3'.
After 20 hours incubation, there is only a trace of the doubly-modified oligomer 12. A minor
peak corresponds to the singly-modified product 13 and the oligomer with only 3'-O-levulinyl
modification (14) is the main peak. The fully modified oligonucleotide 11 disappeared between
5 and 20 hours. Therefore, the half-life of hydrolysis of ester groups in our oligonucleotides is

roughly estimated to be on the order of several minutes to a few hours.
2.5. Exploring Different Oxidation Reagents

Another source for the premature removal of 2'-O-AAE groups is any synthetic step
requiring an aqueous base, such as the basic iodine/water step use during oxidation of
internucleotide linkages. To this end, the standard iodine oxidation reagent, which was applied
in all syntheses described above, as well as alternative oxidizing reagents, were scrutinized as
potential sources for removing 2'-O-AAE groups. We were especially curious about hydrolysis
of the 2'-O-Phe modification in the iodine solution since it contains pyridine (a weak base) and
water. *P-NMR was used to follow the reaction progress of coupling the 2'-O-Phe-modified
uridine phosphoramidite to a dideoxythymidine (ddT) nucleoside in solution, and the in situ

oxidation of the P(I11) species to a P(V) species (Scheme 2.7).

DMTrO Ura DMTrO Ura DMTrO Ura
o 0] o
Bn Bn Bn
o 0_0_~ 0O O_ _0_ _~ 0 O. 0. ~
SN TONHFMOC 08 Miin NG~ ] T NHFMOC NG [ Y NHFMmOC
NC._~ P o) CD-CN 0—P o . ~"o—p=0 o
(0] N(iP R e ‘ dn___ 5 ‘
(iPr)2
0.1 M DCI 0o Thy situ 0 Th
y
excess ddT :O: [0] )

7b 16 17

Scheme 2.7. Solution-phase synthesis of dimers containing 2'-O-Phe was used to assess the

stability of the modification to various oxidation conditions.

With the standard iodine oxidation conditions (0.1 ™M I, in 8:16:76
py/H,Oltetrahydrofuran (THF)), the *P-NMR revealed two peaks around -2.5 ppm
corresponding to the expected diastereoisomers of the oxidized phosphorus (Figure 2.10).
Application of two anhydrous oxidation solutions, 0.1 M tert-butylhydroperoxide (tert-BuOOH)
in toluene*”*® and 0.5 M (1S)-(+)-(10-camphorsulfonyl)-oxaziridine (CSO) in MeCN,* revealed
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the same peaks.  Application of anhydrous N-bromosuccinamide (NBS)/DMSO/MeCN
(0.02:0.2:1 wivIV)® revealed a doubling of each of the expected diastereoisomeric peaks,

consistent with an additional side reaction possibly occurring in this case.

DMSO, I5—75A@

CSO, 30-40 Q,\@

-1.5 S
]/Pch tBuOOH, 0-60  »>
N
'”’Calshlft( .30 “iodine, 5-50 o\@q’

Figure 2.10. *P-NMR of the oxidation of dimer 16 by various reagents, including standard

aqueous I, oxidation solution, tert-BuOOH, and CSO solutions as acceptable reagents.

ESI-MS data of the intact dimer 17 could be seen with all four oxidation conditions,
including NBS/DMSO (Table 2.7). However, the latter reagent led to extra unidentified peaks of
lower mass (Table 2.7). The crude reaction mixture of the dimer oxidized with CSO was then
subjected to NEts, required for cyanoethyl and FMOC removal, and yielding the free amine with

the acetal ester still intact (Table 2.7, entry 5).

The crude mixtures of the dimer oxidized with iodine, tert-BuOOH, and CSO were
purified by RP-HPLC. The retention times of the main peaks for these three successful oxidation
conditions are in agreement (Figure 2.11A-C), indicating that the desired product 17 was
synthesized. As an excess of ddT nucleoside was used during synthesis of dimer 16 to consume
all of the 2'-O-Phe phosphoramidite 7c, the nucleoside is also visible in the HPLC traces (t = 6.9
min). The dimer oxidized by all three reagents also reveals the same retention time in the traces

(t = 7.2 min), confirming that the same dimer was produced by each reagent.
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Table 2.7. Crude mass values reveals that

oxidations on dimer 16 was largely successful.

Entry | Reagent Mass calc. | Mass found
[M+Na'] | [M+Na']
1 P 1309.28
2 tert- 1309.25
BuOOH 1311.43

3 CSO 1309.35

4 DMSO 1309.19,
1064.84

5 CSO; NEt; | 1036.33 1037.66

In conclusion, these experiments reveal that standard 4,5-dicyanoimidazole (DCI)

coupling reagent and iodine/water oxidation reagent are suitable for the coupling of the 2'-O-Phe

phosphoramidite and the oxidation of the resulting P(111) linkage. These reagents do not trigger

the hydrolysis of the 2'-O-Phe groups. Therefore, the same coupling and oxidation reagents were

repeated for all subsequent syntheses of pro-oligonucleotides.

Time (min)

Figure 2.11. RP-HPLC traces of crude reaction mixtures after oxidation of 16 with A)

I,/water/py; B) tert-BuOOH; and C) CSO to produce 17, confirmed by mass analysis.
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2.6. A Plausible Hydrolysis Mechanism

The 2'-O-Phe AAE-modified oligonucleotides experience hydrolysis in buffered water
(section 2.4). This observation, together with experiments performed on model dimers (section
2.4.2) indicates that this occurs more readily when the amino group is free (no protecting group).
A plausible mechanism shown in Scheme 2.8 involves a general-acid catalyzed hydrolysis
reaction. The protonated amino group serves as Brgnsted acid, hence catalyzed nucleophilic
addition of water at the carbonyl carbon. This predicts that an acetal ester lacking the cis alpha
amino group altogether would be more resistant to hydrolysis. Hence, it was of interest to
determine the stability of the ester derived from hydrocinnamic acid (HCA). The synthesis of
the nucleoside 2'-O-HCA acetal ester is shown in Scheme 2.9. First, nucleoside intermediate 3
was activated by sulfuryl chloride and coupled in situ to the cesium salt of HCA. Desilylation of
4e was done in high yield with treatment of NEt;-3HF. Nucleoside 5e was dimethoxytritylated
and phosphitylated to give the phosphoramidite 7e. This phosphoramidite was coupled to a
poly-thymidine oligonucleotide grown on a variation of the photocleavable solid support,
provided by Dr. Mathew Hassler, which left behind a terminal 3'-phosphate after cleavage
(Scheme 2.10).

T,Y 4 \/Tf‘
o] Ura 0 Ura R ®
HO '
(0] e} ﬁ(\NH3
H\O/H\R o
? O _0. A N/H (|3 OH 4
| N ©
02p=0 o-+4 H 0=P=0 o
oA A A
L | H™ H

Scheme 2.8. Proposed mechanism of 2'-O-AAE hydrolysis. Water the nucleophile and

the amino acid amino group serves as an internal general acid.
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Scheme 2.9. The synthesis of phosphoramidite monomers with 2'-O-HCA modification was

done starting from the 2'-O-2-methylthiomethylene ether of uridine nucleoside 3.

solid support with linker ”r” - Uoren “r” U
(0] Ura (0] Ura
N N
Bn Bn
1 ®
NO o7 O\/O\H) o0f N° NH,
2 0-P=0 5 0—P=0 3
.
1) 3:2 MeCN/NEt; \ ,
oligonucleotide 65°C, 2 hr. 3 'UOHCAt5'3 P F
synthesis >

2) MeCN + 1% DIPEA . _ar )
hv 350 nm, 21 min. S'-Uophets-3'-p  B1-2

Scheme 2.10. Solid-phase synthesis of 2'-O-HCA- and 2'-O-Phe AAE-modified

oligonucleotides starting from a photocleavable solid support.
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Following oligonucleotide synthesis and deprotection, the resulting oligonucleotide F1
was dissolved in PBS at 37°C and analyzed by LC-ESI-QTOF. No change in the ratio of
hydrolyzed product 19 (minor component) versus HCA oligomer product 18 occurred after 32
hours (Figure 2.12, Table 2.8). This is in stark contrast to the lack of stability of the 2'-O-AAE-
containing oligonucleotides previously observed, consistent with the notion that a neighboring
(alpha) ammonium ion accelerates the hydrolysis of AAE moieties.

4 hr 1'}
]l
19 ' g_\
e N
El - > o r L] v Yene liva]
8 hr
3> < kd a © Temo min|
16 hr \
v ————T .")f‘\ ST, o
3 - o r L3 v ‘“I!?III""I
I
32 hr

Time [mn]

Figure 2.12. RP-HPLC indicates that the hydrolysis of F1 does not increase over 32
hours in PBS buffer at 37°C.

Table 2.8. The mass values of the peaks seen in the RP-
HPLC traces of F1 incubated in PBS.

Peak | Oligomer

Mass calc. [M]

Mass found [M]

18 5'-Uohcats-3'-p

2006.3341

2006.3432

19 5'-UOHt5-3'-p

1844.2661

1844.2350

70



2.7. Oligonucleotides Containing 2'-O-Phenylalanine Acetal Esters Can Be Purified Intact

The studies described above revealed that while hydrolysis of 2'-O-Phe AAE moieties in
aqueous solution is inevitable, it likely does not happen during the oligonucleotide synthesis
cycle. If it did, one would likely observe shorter oligomer fragments resulting from the release
of the 2'-hydroxyl which would then attack the vicinal 3',5'-phosphate triester linkage.
Considering the repeatedly well-resolved, narrow peaks in RP-HPLC chromatograms of 2'-O-
Phe conjugates indicates that hydrolysis occurs during handling of the oligomers in aqueous
buffers rather than inside the HPLC column. To test this further, a poly-thymidine
oligonucleotide containing a 2'-O-Phe AAE uridine insert was synthesized on solid support
(Scheme 2.10).

This time, the FMOC and cyanoethyl eliminations were performed in a dry round bottom
flask (instead of a polypropylene centrifuge tube) and dried by evaporation in vacuo.
Photocleavage was done in a dry quartz tube with anhydrous MeCN +1% DIPEA, as was done
previously. Next, the beads were washed exclusively with dry DMSO (instead of H,O: ethanol
(EtOH): MeCN 3:1:1 v/v/v) to separate crude sample B1-2 from the solid support. Dilution of
the crude sample was also performed with DMSO instead of H,O. The DMSO-dissolved sample
spent minimal time in the sample injector and was then loaded onto the RP-HPLC column
(Figure 2.13). The mass of the single, clean peak 20 corresponded to the desired compound
(Table 2.9) while no hydrolyzed compound was detected (indicated by the arrow in Figure 2.13).

20

2 3 4 5 8 7 8 9  Time [min]

Figure 2.13. The RP-HPLC profile of B1-2 is free of hydrolyzed product.

Next, crude B1-2 was dissolved in PBS at 37°C and RP-HPLC was performed after 4, 8,
16, and 32 hours (Figure 2.14). Mass values of peaks 20 and 19 confirm that product 20
corresponds to the intact oligonucleotide, while peak 19 corresponds to the hydrolyzed product
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(Table 2.9). These results indicate that estimated half-life of hydrolysis of the 2'-O-Phe AAE

moiety in this oligomer is about 16 hours.
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Figure 2.14. The RP-HPLC traces of B1-2 show appreciable degradation after 32 hours in
PBS buffer.

Table 2.9. The mass values of the peaks seen in the
RP-HPLC traces of B1-2 incubated in PBS.

Peak | Oligomer Mass calc. | Mass found
[M] [M]

20 5'-Uophets-3'-p | 2021.3450 2021.3134

19 5-Uonts-3'-p | 1844.2661 1844.2350

2.8. Conclusion

Poly-thymidine oligonucleotides containing 2'-O-AAE modifications based on alanine,
phenylalanine, lysine, and proline were synthesized on an orthogonal photocleavable solid
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support.  RP-HPLC purification of the oligonucleotides revealed that non-anhydrous
deprotection conditions followed by aqueous handling of the crude reaction mixtures caused
premature hydrolysis of the 2'-O-AAE moieties. RP-HPLC analysis suggested that the 2'-O-Phe
AAE modification was the most stable to hydrolysis among the others studied; nevertheless, it

underwent hydrolysis in RP-HPLC and gel electrophoresis buffers.

The 2'-O-AAE oligonucleotides are more retained on polyacrylamide gels and RP-HPLC,
and hybridized with lower affinity to a target RNA strand, relative to the unmodified
oligonucleotide of the same length and sequence. Finally, the slower hydrolysis observed for
hydrocinnamic-based acetal esters suggests that the alpha amino group acts as a general acid
catalyst in the hydrolysis of the 2'-O-AAE moiety. With this knowledge, a 2'-O-Phe AAE-
containing oligonucleotide was synthesized, deprotected under anhydrous conditions, and rapidly
injected into an HPLC column with minimal loss of the 3'-O-Phe AAE moiety. Follow up
incubation in PBS buffer at 37°C resulted in the slow but clean release of the 2'-hydroxyl group.
These observations, together with studies reported in chapters 3-5, represent important steps

towards the development of RNA prodrugs.
2.9. Experimental Methods
2.9.1. General Procedures for Monomer Synthesis

'H-NMR and **C-NMR spectra were recorded at 400 MHz and 300 MHz, respectively,
using the residual solvent peak as an internal standard (CDCl;, CD3CN, CD3;0D, (CD3),SO,
(CD3),C0O). 'H-NMR spectra were assigned using 2D *H-NMR (COSY) spectra. *P-NMR
spectra were recorded at 200 MHz using 85% H3;PO, as an external standard. The
characterization (e.g. NMR) of known and commercially available compounds was in agreement
with previously published data. Reactions were monitored by TLC on alumina plates coated
with silica gel and visualized with UV light and charring with H,SO,.  Preparative
chromatography was performed with 40-60 pum, 230-400 mesh silica gel. DMF and DMSO was
dried over 3A molecular sieves for at least 48 hr. CH,Cl,, THF, and MeCN were dried on an
mBraun SPS solvent purification system. Pyridine, NEt;, and DIPEA were distilled from CaH..
Where yields for monomer syntheses have been reported as an average in the previous sections,

one example is described below.
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2.9.2. Synthesis of Novel Monomers

3',5'-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-2'-O-[acetal-N-(9-fluorenyl-

methyoxycarbonyl)-L-phenylalanine ester] uridine (4b): 2'-O-[(methylthio)methyl]-3',5'-O-
[1,1,3,3-tetrakis(1-methylethyl)-1,3-disiloxanediyl]-uridine (3) (499 mg, 0.913 mmol) was
dissolved in CH,Cl, (10 mL) and stirred at 0°C under N,. SO,Cl, (1 M in CH,Cly, 1.0 mL) was
added dropwise over 10 minutes. The solution was stirred at 0°C for 30 min, brought to ambient
temperature, and continued stirring over 1.5 hr. The solution was concentrated in vacuo under
N, and dried to a white foam under high vacuum for 20 min. In a separate flask, N-(9-
fluorenylmethoxycarbonyl)-L-phenylalanine (549 mg, 1.42 mmol) was dissolved in DMF (7
mL), and CsHCO3 (265 mg, 1.37 mmol) was added. The mixture was stirred at r.t. for 2.5 h.
The dried nucleoside was then redissolved in CH,Cl, (3 mL) and transferred by cannula to the
round bottom flask of N-(9-fluorenylmethoxycarbonyl)-L-phenylalanine monocesium salt in
DMF. The flask was rinsed with CH,Cl, (2 mL) that was transferred by cannula to the reaction
mixture. The mixture was stirred at r.t. under N for 18 hr and quenched by addition of saturated
aqueous NaHCOs. The layers were separated and the organic layer was washed twice with
saturated aqueous HaHCO3;. The combined aqueous layers were extracted twice with CH,Cl..
The combined organic layers were dried with MgSO,, filtered, and concentrated. The residue
was purified by silica gel chromatography using a gradient ending in 7:3 hexanes/EtOAc to give
4b (630 mg, 78%) as an amorphous while solid. *H-NMR (CDCls): 6 8.53 (s, 1H), 7.82 (d, J =
8.2 Hz, 1H), 7.76 (d, J = 7.6 Hz, 2H), 7.57 (d, J = 7.3 Hz, 2H), 7.38 — 7.41 (m, 2H), 7.34 — 7.17
(m, 5H), 7.14 (d, J = 7.2 Hz, 2H), 5.55 — 5.73 (m, 3H), 5.54 (s, 2H), 4.76 (dd, J = 14.5, 6.1 Hz,
1H), 4.45 (dd, J = 10.5, 7.1 Hz, 1H), 4.13 — 4.29 (m, 4H), 4.10 (d, J = 9.5 Hz, 1H), 4.06 (d, J =
4.0 Hz, 1H), 3.97 (dd, J = 13.6, 2.0 Hz, 1H), 3.17 (ddd, J = 20.4, 14.0, 6.0 Hz, 2H), 1.15 - 0.94
(m, 28H). *C-NMR (CDCl3): 5 171.1, 162.9, 155.8, 149.5, 143.9, 143.8, 141.30, 141.29, 139.0,
136.1, 129.6, 128.4, 127.7, 127.0, 126.9, 125.2, 125.0, 119.9, 101.7, 89.3, 89.1, 81.7, 81.5, 67.8,
66.7, 59.2, 54.9, 47.2, 37.8, 29.7, 17.43, 17.36, 17.26, 17.2, 17.1, 17.0, 16.9, 16.8, 13.5, 13.0,
12.9, 12.6. ESI-QTOF calc. for C4Hs9N3011Si, [M+Na]: 908.36; found: 908.40.

3',5'-0-(1,1,3,3,-tetraisopropyldisiloxane-1,3-diyl)-2'-O-[acetal-N-(9-fluorenyl-
methoxycarbonyl)-L-alanine ester] uridine (4a): Same procedure as for 4b. *H-NMR (CDCls)
68.21 (s, 1H), 7.85 (d, J =8.2 Hz, 1H), 7.75 (d, J = 7.5 Hz, 2H), 7.59 — 7.62 (m, 2H), 7.39 (t, J =
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7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 5.72 (s, 1H), 5.68 (d, J = 8.2, 1H), 5.57 (ABg, J = 6.5 Hz,
1H each), 4.46 — 4.52 (m, 1H), 4.34 — 4.43 (m, 2H), 4.18 — 4.26 (m, 4H), 4.11 (d, J = 8.8, 1H),
3.97 (dd, J = 13.4, 1.6 Hz, 1H), 1.48 (d, J = 7.5, 3H), 1.21 — 1.28 (m, 4H), 1.02 — 1.10 (m, 24H).
BC-NMR (CDCls) 5 172.6, 162.6, 155.8, 149.6, 143.92, 143.81, 141.29, 141.28, 139.1, 127.7,
127.0, 125.11, 125.08, 120.0, 101.7, 89.1, 88.7, 81.6, 67.8, 67.0, 59.2, 49.7, 47.1, 29.7, 17.44,
17.37, 17.27, 17.20, 17.1, 16.94, 16.93, 16.8, 13.4, 13.0, 12.8, 12.5. ESI-QTOF calc. for
CaoHssN3O11Sip [M+Na]: 832.33; found: 832.37.

3',5'-0-(1,1,3,3,-tetraisopropyldisiloxane-1,3-diyl)-2'-O-[acetal-N-(9-fluoreny|-
methoxycarbonyl)-L-lysine ester] uridine (4c): Same procedure as for 4b, except that the
residue was purified by silica gel chromatography using a gradient ending with 6:4
hexanes/EtOAc. 'H-NMR (CDCls) & 9.58 (s, 1H), 7.70 — 7.78 (m, 4H), 7.56 — 7.62 (m, 4H),
7.34 — 7.42 (m, 4H), 7.26 — 7.32 (m, 4H), 5.72 (s, 1H), 5.68 (d, J = 4.9 Hz, 1H), 5.62 (d, J = 6.3
Hz, 1H), 5.49 (d, J = 6.5 Hz, 1H), 5.07 — 5.12 (m, 1H), 4.46 — 4.53 (m, 2H), 4.36 — 4.44 (m, 3H),
4.16 — 4.28 (m, 4H), 4.09 — 4.14 (m, 1H), 3.93 — 3.99 (m, 1H), 3.18 — 3.33 (m, 2H), 2.03 (br s,
2H), 1.75 (br s, 2H), 1.61 (s, 4H), 1.50 (bs, 2H), 0.991 — 1.127 (m, 24H). **C-NMR (CDCls) &
172.1, 163.1, 156.7, 156.3, 150.1, 149.6, 143.9, 141.30, 141.27, 138.6, 127.7, 127.67, 127.55,
127.0, 125.1, 120.0, 119.93, 119.87, 102.0, 101.9, 88.9, 88.5, 81.6, 81.1, 75.2, 68.1, 68.0, 66.7,
59.2,54.0,47.3,47.1,40.3,29.7,29.2,22.3,17.5,17.4,17.3,17.2, 17.1, 17.00, 16.95, 16.8, 13.5,
13.0,12.8, 12.6. ESI-QTOF calc. for CsgH72N4013Si; [M+Na]: 1111.45; found: 1111.45.

3',5'-0-(1,1,3,3,-tetraisopropyldisiloxane-1,3-diyl)-2'-O-[acetal-N-(9-fluorenyl-
methoxycarbonyl)-L-proline ester] uridine (4d): Same procedure as for 4c, except that N-(9-
fluorenylmethoxycarbonyl)-L-proline monocesium salt in DMF was added in portions to the
nucleoside redissolved in CH,Cl,. *H-NMR ((CDs),SO) & 11.36 — 11.47 (m, 1H), 7.85 - 7.91
(m, 2H), 7.77 — 7.85 (m, 1H), 7.59 — 7.68 (m, 1H), 7.52 — 7.59 (m, 1H), 7.23 — 7.44 (m, 4H),
5.57 - 5.64 (m, 1H), 5.45 — 5.57 (m, 2H), 5.33 — 5.39 (m, 1H), 5.09 — 5.19 (m, 2H), 4.39 — 4.47
(m, 1H), 4.19 — 4.33 (m, 5H), 4.04 — 4.17 (m, 3H), 3.82 — 3.94 (m, 2H), 2.06 — 2.26 (m, 2H),
1.69 — 1.99 (m, 4H), 0.93 — 1.08 (m, 24H). *C-NMR ((CD3).CO) & 172.65, 164.12, 155.15,
150.98, 145.15, 145.06, 144.92, 142.05, 140.23, 140.07, 128.49, 127.92, 126.13, 126.05, 125.89,
120.77, 120.70, 101.94, 90.01, 88.72, 82.28, 81.61, 80.87, 69.62, 69.43, 67.93, 60.06, 47.89,
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25.06, 23.96, 17.91, 17.74, 17.47, 17.38, 14.23, 14.01, 13.65, 13.70, 13.65, 13.60, 13.34, 13.30.
ESI-QTOF calc. for C42Hs7N3011Si, [M+Na]: 858.34; found: 858.21.

3',5'-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-2'-O-(acetal hydrocinnamic ester)
uridine (4e): Same procedure as for 4b, except that the residue was purified by silica gel
chromatography with a gradient of 10 — 80% EtOAc in hexanes. 'H-NMR ((CDs),SO) & 11.43
(s, 1H), 7.65 (d, J = 8.24 Hz, 1H), 7.27 (d, J = 7.32 Hz, 2H), 7.14 — 7.24 (m, 3H), 5.61 (s, 1H),
5.52 -5.58 (m, 1H), 5.42 (q, J = 6.41 Hz, 2H), 4.43 (d, J = 4.58 Hz, 1H), 4.28 (dd, J = 9.16, 4.88
Hz, 1H), 4.14 (br d, J = 12.82 Hz, 1H), 3.88 — 4.01 (m, 2H), 2.82 — 2.91 (m, 2H), 2.57 — 2.75 (m,
2H), 0.98 — 1.09 (m, 2H). *C-NMR ((CD3),CO) & 172.14, 163.74, 150.52, 140.83, 140.05,
128.81, 128.65, 126.54, 101.55, 89.59, 87.99, 81.32, 80.48, 68.41, 60.14, 35.55, 30.40, 17.79,
17.57, 17.46, 17.30, 17.48, 13.15, 12.79, 12.69, 12.40. ESI-QTOF calc. for Cgz1HsN204Si;,
[M+Na]: 671.28; found: 671.48.

2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-phenylalanine ester] uridine (5b):
3',5'-(1,1,3,3-tetraisopropyldisiloxane-1,3,-diyl)-2'-[O-acetal-N-(9-fluorenyl-methyoxycarbonyl)-
L-phenylalanine ester] uridine (4b) (247 mg, 0.28 mmol) was dissolved in MeCN (3 mL) and a
solution of NEt3-3HF (0.160 mL, 0.98 mmol) in MeCN (5 mL) was added dropwise and stirred
at r.t. for 18 hr. The mixture was concentrated and the residue was purified by silica gel
chromatography using isocratic elution with EtOAc to give 5b (109 mg, 61%) as an amorphous
white solid. *H-NMR (CDsCN) & 9.36 (s, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.83 (d, J = 7.6 Hz, 2H),
7.61 (dd, J=13.3, 8.6 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.18 — 7.38 (m, 7H), 6.20 (d, J = 8.3 Hz,
1H), 5.91 (d, J = 3.8, 1H), 5.64 (d, J = 8.1 Hz, 1H), 5.46, 5.41 (ABq, J = 6.4 Hz, 1H each), 4.46
(tt, J = 11.1, 5.5 Hz, 1H), 4.15 — 4.32 (m, 5H), 3.96 — 3.97 (m, 1H), 3.77 — 3.87 (m, 1H), 3.68 —
3.72 (m, 1H), 3.51 — 3.45 (m, 1H), 3.41 — 3.35 (m, 1H), 3.20 (dd, J = 14.0, 4.8 Hz, 1H), 2.95 (dd,
J =139, 9.6 Hz, 1H). *C-NMR (CDsOD) & 171.4, 164.7, 156.9, 150.7, 143.8, 141.1, 137.0,
128.9, 128.1, 127.3, 126.7, 126.4, 124.9, 124.8, 119.5, 101.2, 89.0, 88.1, 84.4, 81.7, 68.4, 66.6,
60.1, 60.0, 55.6, 36.8, 19.5, 13.1. ESI-QTOF calc. for C34H33N30;10 [M+Na]: 666.21, found:
666.22.

2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-alanine ester] uridine (5a): Same
procedure as for 5b, except that the residue was purified by silica chromatography using a
gradient ending with 95:5 CH,Cl,/MeOH. 'H-NMR (CDsCN) & 9.13 (s, 1H), 7.86 (d, J = 8.1
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Hz, 3H), 7.69 (dd, J = 7.0, 2.5 Hz, 2H), 7.44 (t, J = 7.4 Hz, 2H), 7.36 (dt, J = 7.4, 0.9 Hz, 2H),
6.23 (d, J = 7.0 Hz, 1H), 5.88 (d, J = 4.5 Hz, 1H), 5.62 (d, J = 8.1 Hz, 1H), 5.46, 5.37 (ABgq, J =
6.5 Hz, 1H each), 4.32 — 4.40 (m, 2H), 4.18 — 4.32 (m, 4H), 3.93 — 3.98 (m, 1H), 3.77 — 3.81 (m,
1H), 3.65 — 3.70 (m, 1H), 3.49 (d, J = 5.5 Hz, 1H), 3.36 (t, J = 5.0 Hz, 1H), 1.37 (d, J = 7.2 Hz,
3H). BC-NMR (CD3sCN) 6 172.4, 162.9, 150.6, 144.1, 141.2, 140.5, 127.7, 127.15, 127.15,
127.13, 125.2, 120.0, 101.9, 88.9, 87.4, 84.9, 81.8, 69.1, 66.5, 60.6, 49.9, 47.0, 16.4. ESI-QTOF
calc. for C2gH29N3010 [M+Na]: 590.18; found: 590.21.

2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-lysine ester] uridine (5c): Same
procedure as for 5a. *H-NMR (CD3sCN) & 9.15 (s, 1H), 7.81 — 7.89 (m, 5H), 7.66 (t, J = 8.1 Hz,
4H), 7.39 — 7.46 (m, 4H), 7.31 — 7.37 (m, 4H), 4.27 — 4.38 (m, 5H), 4.17 — 4.27 (m, 3H), 7.10 -
4.17 (m, 1H), 3.92 — 3.97 (m, 1H), 3.77 — 3.82 (m, 1H), 3.68 (JABq, J = 12.1, 2.6 Hz, 1H), 3.47
(d, J = 5.7 Hz, 1H), 3.36 (t, J = 5.0 Hz, 1H), 3.08 — 3.16 (m, 1H), 1.70 (br s, 1H), 1.50 (br s, 1H),
1.40 (br s, 1H). *C-NMR (CDsCN): & 171.9, 162.9, 156.7, 156.3, 150.6, 144.3, 144.2, 144.1,
144.0, 141.1, 140.4, 128.3, 127.7, 127.6, 127.13, 127.11, 127.08, 125.20, 125.16, 120.00, 119.99,
119.96, 101.8, 88.9, 87.5, 84.8, 81.7, 68.99, 68.98, 66.4, 66.0, 60.5, 54.2, 48.9, 47.2, 47.0, 39.9,
30.3, 29.0, 22.4. ESI-QTOF calc. for C4H4sN4O1, [M+Na]: 869.30; found: 869.38.

2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-proline ester] uridine (5d): Same
procedure as for 5b. The mixture was concentrated and the residue was purified by silica gel
chromatography using isocratic elution of 10% MeOH in CH,Cl,. *H-NMR (CDsCN) § 7.81 —
7.89 (m, 2H), 7.68 (dd, J = 7.23, 4.10 Hz, 1H), 7.57 — 7.63 (m, 1H), 7.27 — 7.50 (m, 5H), 5.89 (d,
J =5.08 Hz, 0.5H), 5.84 (d, J = 4.30 Hz, 0.5H), 5.78 (d, J = 2.34 Hz, 1H), 5.58 — 5.70 (m, 1H),
5.48 (d, J = 6.25 Hz, 0.5H), 5.39 (d, J = 6.25 Hz, 0.5H), 5.30 (d, J = 6.64 Hz, 0.5H), 5.16 (d, J =
6.25 Hz, 0.5H), 5.10 (d, J = 1.95 Hz, 0.5H), 4.75 (1H), 4.19 — 4.47 (m, 5H), 4.11 — 4.19 (m, 1H),
3.89-4.00 (m, 1H), 3.73 - 3.85 (m, 1H), 3.60 — 3.70 (m, 2H), 3.29 — 3.57 (m, 2.5H), 2.14 — 2.33
(m, 1H), 1.68 — 1.86 (m, 1.5H). ESI-QTOF calc. for C3yH31N3010 [M+Na]: 616.19; found:
616.20.

2'-O-(acetal hydrocinnamic ester) uridine (5e): Same procedure as for 5a. *H-NMR
(CD3CN) § 9.89 - 10.34 (m, 1 H), 8.04 (br dd, J = 7.82, 2.74 Hz, 1 H), 7.14 - 7.21 (m, 1 H) 7.25
(brs, 3 H),5.99 (brd, J=352Hz, 1 H),554-571(m,1H),532-548 (m, 2 H), 4.30 - 4.50
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(m, 3 H), 4.16 (brs, 1 H), 4.01 (brs, 1 H), 3.75 - 3.95 (m, 2 H), 2.91 (br d, J = 2.74 Hz, 2 H),
2.58 - 2.75 (m, 2 H). ESI-QTOF calc. for C19H,,N,0g [M+Na]: 406.14; found: 406.01.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-

phenylalanine ester] uridine (6b): Nucleoside 5b (433 mg, 673 pumol) was dissolved in
pyridine (1.1 mL) and 4,4'-dimethoxytrityl chloride (250 mg, 738 uL) and AgNO3 (137 mg, 806
mmol) were added. After 3 hr the reaction was diluted with CH,Cl, and washed with saturated
aqueous NaHCOs3;. The aqueous layer was extracted with CH,Cl, and the combined organic
layers were dried over MgSQy, filtered, and dried in vacuo. The product was purified by silica
gel chromatography using a gradient ending with 2:3 hexanes/EtOAc (+1% py). ‘H-NMR
(CDCl3) 8 9.13 (s, 1H), 7.99 (d, J = 8.2, 1H), 7.74 (d, J = 7.5, 3H), 7.46 — 7.57 (m, 3H), 7.09 —
7.44 (m, 13H), 6.80 — 6.86 (m, 7H), 5.89 (s, 1H), 5.62 (d, J = 6.2, 1H), 5.48 (t, J = 7.3, 2H), 5.28
(d, J = 8.2 Hz, 1H), 4.63 (dd, J = 13.6, 7.4 Hz, 1H), 4.29 — 4.46 (m, 3H), 4.15 — 4.19 (m, 2H),
4.00 — 4.02 (m, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.47 — 3.53 (m, 2H), 3.12 (qd, J = 14.0, 6.6 Hz,
2H), 2.76 (d, J = 8.5, 1H). **C-NMR (CDCls) & 171.3, 163.2, 158.69, 158.66, 155.9, 150.1,
144.3, 143.7, 143.6, 141.3, 135.6, 135.2, 135.0, 130.2, 130.1, 129.3, 128.7, 128.1, 128.0, 127.7,
127.19, 127.17, 127.1, 125.1, 125.0, 120.0, 113.3, 102.1, 88.3, 87.1, 82.9, 82.6, 68.0, 67.1, 55.2,
47.1, 25.6. ESI-QTOF calc. for Cs5Hs1N3012 [M+Na+]: 968.34; found: 968.31.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-alanine

ester] uridine (6a): Same procedure as for 6b. *H-NMR (CDCl3) 6 8.72 (s, 1H), 8.63 (s, 2H),
8.01 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.5 Hz, 2H), 7.68 (tt, J = 7.6, 1.7 Hz, 1H), 7.57 (t, J = 6.3
Hz, 2H), 7.34 — 7.41 (m, 4H), 7.22 — 7.32 (m, 6H), 6.83 (d, J = 8.7 Hz, 4H), 5.91 (s, 1H), 5.66 (d,
J=6.2 Hz, 1H), 5.49 (d, J = 6.3 Hz, 1H), 5.45 (d, J = 7.4 Hz, 1H), 5.26 (d, J = 8.1 Hz, 1H), 4.50
(t, J = 6.9 Hz, 1H), 4.34 — 4.43 (m, 3H), 4.28 (d, J = 4.3 Hz, 1H), 4.20 (t, J = 6.9 Hz, 1H), 4.04
(d, J = 7.9 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.51 — 3.55 (m, 2H), 1.44 (d, J = 7.2 Hz, 3H).
BC-NMR (CDCls) & 172.7, 162.9, 158.66, 158.63, 150.0, 149.7, 144.3, 141.3, 139.8, 136.0,
135.2, 135.0, 130.14, 130.08, 128.07, 128.01, 127.7, 127.1, 125.04, 125.00, 120.0, 113.28,
113.26, 102.2, 88.3, 87.11, 87.05, 82.8, 77.2, 68.3, 67.2, 55.2, 50.0, 47.0, 29.7. ESI-QTOF calc.
for C49H47N301, [M+Na]: 892.31; found: 892.23.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-lysine

ester] uridine (6¢): Same procedure as for 6b except that the product was purified by silica gel

78



chromatography using a gradient ending with 9:1 CH,Cl,/MeOH. *H-NMR ((CD3),CO) & 8.58
(d, J=4.0 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.82 — 7.87 (m, 4H), 7.64 — 7.72 (m, 4H), 7.48 (d, J
= 4.0 Hz, 1H), 7.37 — 7.42 (m, 4H), 7.27 — 7.37 (m, 10H), 7.24 (t, J = 7.3 Hz, 1H), 6.95 (d, J =
8.1 Hz, 1H), 6.89 (d, J = 8.2 Hz, 4H), 6.52 (t, J = 5.5 Hz, 1H), 6.00 (d, J = 2.8 Hz, 1H), 5.57,
5.52 (ABq, J = 6.5 Hz, 1H each), 5.27 (d, J = 8.1 Hz, 1H), 4.62 (dd, J = 12.0, 7.0 Hz, 1H), 4.51
(dd, J = 4.7, 3.0 Hz, 1H), 4.18 — 4.40 (m, 8H), 4.10 — 412 (m, 1H), 3.774 (s, 3H), 3.772 (s, 3H),
3.50 (dd, J = 10.9, 3.6 Hz, 1H), 3.44 (dd, J = 10.9, 2.4 Hz, 1H), 3.18 (dd, J = 13.4, 7.0 Hz, 2H),
1.88 — 1.96 (m, 1H), 1.75 — 1.83 (m, 1H), 1.44 — 1.61 (m, 4H). *C-NMR ((CD3),CO) & 171.8,
162.5, 161.1, 158.81, 158.79, 156.5, 156.3, 150.5, 144.9, 144.3, 144.2, 144.1, 144.0, 141.2,
139.9, 135.7, 135.4, 130.2, 130.1, 128.2, 128.1, 127.8, 127.6, 127.5, 127.1, 127.02, 126.98,
126.8, 125.3, 125.22, 125.19, 119.9, 119.8, 113.11, 113.10, 101.7, 88.8, 88.0, 86.6, 82.9, 82.0,
69.1, 66.3, 65.9, 62.2, 54.62, 54.61, 54.3, 47.2, 47.1, 40.1, 29.2, 29.0, 22.7. ESI-QTOF calc. for
Ce7HsaN4O14 [M+Na]: 1171.43; found: 1171.34.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-proline
ester] uridine (6d): Same procedure as for 6b. *H-NMR (CDsCN) & 7.56 - 7.91 (m, 4 H), 7.24
- 7.49 (m, 14 H), 6.83 - 6.96 (m, 4 H), 5.78 - 5.92 (m, 1 H), 5.39 - 5.55 (m, 2 H), 5.22 - 5.32 (m,
1 H), 4.20 - 4.45 (m, 5 H), 3.90 - 4.05 (m, 1 H), 3.78 (d, J =3.13 Hz, 6 H), 3.12 - 3.66 (m, 5 H),
2.21-2.35(m, 2 H), 1.76 - 1.90 (m, 2 H). ESI-QTOF calc. for Cs;H49N30;1, [M+Na]: 918.32;
found: 918.23.

5'-0-(4,4'-dimethoxytrityl)-2'-O-(acetal hydrocinnamic ester) uridine (6e): Same
procedure as for 6b. 'H-NMR ((CDs),CO) & 7.79 — 7.84 (m, 1H), 7.53 — 7.60 (m, 2H), 7.25 —
7.49 (m, 12H), 7.01 (d, J = 8.99 Hz, 4H), 5.96 (d, J = 3.13 Hz, 1H), 5.55 (d, J = 6.64 Hz, 1H),
5.48 (s, 1H), 5.33 — 5.43 (m, 1H), 4.48 (g, J = 6.25 Hz, 1H), 4.38 — 4.43 (m, 1H), 4.28 — 4.32 (m,
1H), 4.09 — 4.14 (m, 1H), 3.43 — 3.54 (m, 1H), 3.40 (dd, J = 6.64, 3.91 Hz, 1H), 2.97 — 3.08 (m,
1H), 2.72 — 2.83 (m, 1H), 2.45 (s, 1H), 2.21 (s, 6H), 1.38 — 1.57 (m, 1H), 0.95 — 1.08 (m, 1H).
ESI-TOF calc. for C49H4oN2019 [M+Na]: 731.26; found: 731.26.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-
phenylalanine ester]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (7b):
7b (279 mg, 0.314 mmol) was dissolved in THF (1.3 mL) and N,N-diisopropylamine (250 pL,
1.43 mmol) was added. 2-cyanoethyl N,N-diisopropylchlorophosphoramidite was added
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dropwise (86 uL, 0.386 mmol) and after 3 hr the reaction mixture was diluted with CH,Cl, and
washed with saturated aqueous NaCHO3;. The aqueous layer was extracted three times and the
organic layers were combined and dried over MgSQy, filtered, and concentrated to dryness. The
product was purified by silica gel chromatography with a gradient ending in 1:1 hexanes/EtOAc
(+1% py). *P-NMR (CD3CN) & 151.55, 149.99. ESI-QTOF calc. for CgsHggNsO13P [M+Na]:
1168.4443; found: 1168.4444.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-alanine
ester]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (7a): Same procedure
as for 7b. ¥P-NMR (CDsCN) & 152.20, 150.06. ESI-QTOF calc. for CsgHgsN5O13P [M+Na]:
1092.41; found: 1092.41.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-lysine
ester]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (7c): Same procedure
as for 7b except that the product was purified by silica gel chromatography with a gradient
ending in 2:3 hexanes/EtOAc (+1% py). *'P-NMR (CDsCN) & 151.57, 150.02. ESI-QTOF calc.
for C76Hg1NgO15P [M+Na]: 1371.54; found: 1371.54.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-proline
ester]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (7d): Same procedure
as for 7b. P-NMR (CD3CN) 6 151.32, 149.98. ESI-QTOF calc. for CsoHgsNsO13P [M+Na]:
1118.43; found: 1118.20.

5'-0-(4,4'-dimethoxytrityl)-2'-O-[acetal-N-(9-fluorenylmethoxycarbonyl)-L-
hydrocinnamic ester]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (7e):
Same procedure as for 7c except that CH,Cl, was used as a solvent and the reaction was carried
out for 55 hr. *P-NMR (CD3sCN) 6 151.65, 150.05. ESI-QTOF calc. for Cy9Hs7N4O11P
[M+Na]: 931.37; found: 931.40.

2.9.3. Solid-Supported Synthesis of Oligonucleotides

Oligonucleotides were synthesized on UnyLinker™ CPG (500 A) or photocleavable CPG
(500 A) with an Applied Biosystems DNA/RNA 3400 Synthesizer. Standard 2'-O-TBDMS
uridine and thymidine phosphoramidites were purchased from ChemGenes Corporation
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(Wilmington, MA). Thymidine and 2'-O-HCA phosphoramidite was dissolved in MeCN to a
concentration of 0.1 M, while uridine and 2'-O-AAE phosphoramidites were dissolved in MeCN
to a concentration of 0.15 M. Coupling times for thymidine and uridine were 600 sec, while
coupling time was 900 sec for the modified units. Activation of phorphoramidites was achieved
with standard 0.25 M ETT in MeCN. Standard capping was performed with a CAP A solution
of Ac,O/py/THF (10:10:80 v/v/v) and a CAP B solution of 15% N-methylimidzaole in THF.
The oxidation solution used was standard 0.1 M I, in py/H,O/THF (8:16:76 v/v/v). Standard 3%
TCA in CH,Cl, was used for detritylation steps.

2.9.4. Deprotection of Oligonucleotides

UnyLinker™ CPG was suspended in the standard NH,OH/EtOH deprotection solution
and put on a shaker for 48 hr at (1 mL, 3:1 v/v) at r.t. to remove the nucleobase and
internucleotide protecting groups, and to cleave the support linker. After decanting and
lyophilizing the supernatant, fast desilylation was performed in NEt3-3HF/NMP/NEt; (0.300 mL
1.5:0.75:1 v/viv) at 65°C for 4 hr., after which NaOAc (3 M, pH 5.5, 25 uL) and cold 1-butanol
(1 mL) were added to precipitate the oligonucleotide. The washed and dried oligonucleotide was
dissolved in water, filtered, and purified by IE-HPLC.

Al, A3, A6, B1, B3, C1, C3, D3: CPG derivatized with a photocleavable linker attached
to an internucleotide linkage was suspended in anhydrous NEt3/MeCN (1 mL, 2:3 v/v) and
shaken for 18 hr, centrifuged and decanted. Washing of the beads was done with 0.200 mL
MeCN, then 0.200 mL EtOH, and 0.200 mL MeCN again. The dried beads were then suspended
in 1 mL MeCN with 1% (v/v) DIPEA in a quartz tube. A Luzchem LZC-4 photoreactor was
used to photocleave the oligonucleotides from the solid support beads. The beads were
irradiated with fourteen 12” Luzchem LZC-UVA (UV-A, Hitachi FL8BL-B) lamps at Amax = 350
nm for 21 minutes and then transferred to polypropylene tube with a 0.100-mL MeCN rinse, then
a 0.100-mL EtOH rinse, and then a 0.100-mL MeCN rinse. The beads were centrifuged,
decanted, and rinsed with 0.200 mL MeCN, 0.200 mL EtOH, and then 0.200 mL MeCN. The
supernatant was lyophilized, dissolved in water, filtered, and purified by RP-HPLC or gel
electrophoresis.
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F1, B1-2: CPG derivatized with a photocleavable linker attached to the 3'-end of the first
nucleotide was transferred into a 5-mL flamed round bottom flask, suspended in anhydrous
NEts/MeCN (1 mL, 2:3 v/v) heated to 65°C, and stirred for 2 hr. The suspension was transferred
to a polypropylene tube with help twice from 0.500 mL MeCN. Beads were centrifuged at
13,000 rpm for 5 min and the supernatant was decanted. The suspension was lyophilized to
dryness and the beads were transferred to a flamed quartz tube, irradiated at Amax = 350 nm for 21
minutes in MeCN +1% DIPEA with the same photoreactor detailed above. The beads were
transferred to a polypropylene tube and lyophilized to dryness. The beads of sample B1-2 were
resuspended in anhydrous DMSO, centrifuged at 13,000 rpm for 5 min, and an aliquot of the
supernatant was combined with anhydrous MeCN and injected immediately into RP-HPLC for a
t = 0 hr trace. The beads were again lyophilized to dryness and beads of both samples B1-2 and
F1 were resuspended in H,O, centrifuged at 13,000 rpm for 5 min, and the supernatant was
filtered and decanted. The supernatant was lyophilized to dryness and PBS buffer (137 mM
NaCl, 2.7 mM KCI, 10 mM Na;HPQO,, 1.8 mM KH,PQO,) was added. The tube was incubated at
37°C and aliquots were taken at 4, 8, 16, and 32 hr for immediate injection into RP-HPLC.

2.9.5. Purification and Characterization of Oligonucleotides

Samples Al, A3, B1, B3, C1, C3, D3, E1, and E6 were purified by RP-HPLC on an
Agilent 1200 system with an Axxiom C18 ODS 5 micron, 250 x 4.6 mm column. For the
purification of Ajs, IE-HPLC was carried out on a Waters Protein PAK DEAE 5PW 7.5 mm x
7.5 cm column. After the completion of IE-HPLC the purified oligonucleotides were desalted
with sephadex G-25 and lyophilized to dryness. Thermal melting analyses were performed on a
Varian CARY 300 UV-VIS Spectrophotometer equipped with a peltier temperature controller.
Crude Al, B3, and C3 (2.0 nmol) were dissolved in H,O and combined with purified Ajs
complement (2.0 nmol). The mixtures were lyophilized and then reconstituted in PBS buffer
(137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,4, 1.8 mM KH,PO,4). The duplexes were
denatured by heating the mixtures to 95°C for 5 min and then letting them cool to r.t. slowly.
Once at r.t., the samples were cooled overnight in a -20°C freezer. A denaturing and then
annealing curve was then collected at a rate of 0.4°C/min. Sample A6 was loaded onto a 24%
denaturing (+ urea) polyacrylamide gel was run with tris-borate-ethylenediaminetetraacetic acid

(TBE) running buffer and bromophenol blue and xylene cyanol FF marker dyes. Samples F1
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and B1-2 were purified using LC-ESI-QTOF using Dionex Ultimate 3000 coupled to a Bruker
Maxis Impact QTOF in negative ESI mode and an Acclaim RSLC 120 C18 column (2.2 uM
120A 2.1 x 50 mm). Mobile phase A (100 mM HFIP and 5 mM NEts in H,O) was reduced from
98% to 40% in 8 min. The mobile phase B that was used was MeOH. The data was processed

and deconvoluted using the Bruker DataAnalysis software version 4.1
2.9.6. Synthesis and Purification of Dimers

Phosphoramidite 7b (57.3 mg, 0.05 mmol) was dissolved in CD3CN (0.66 mL) and
transferred into a dry NMR tube. DCI (7.7 mg, 0.10 M) and then dideoxythymidine (17.0 mg,
0.075 mmol) were added and the reaction progress was monitored by **P-NMR. When coupling
was complete (marked by the complete disappearance of the diastereoisomeric peaks at 151.55
ppm and 149.99 ppm), 0.200 mL of the oxidation solution indicated was added to the NMR tube.
The NMR tube was inverted three times and the reaction was monitored by *!P-NMR. The
dimers were purified by RP-HPLC with a gradient of 1 — 35% solvent B in 10 min (A:
triethylammonium acetate (TEAA), B: MeCN).
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Chapter 3: Fluorometric Assay for Cellular Uptake of Amino Acid-siRNA Conjugates and

their Structural Analogues

3.1. The Introduction of Positive Charge to Nucleic Acids

Given the critical issue of cellular membrane penetration for the successful use of
therapeutic oligonucleotides and the negatively charged nature of the membrane, the
development of positively charged delivery agents and conjugates has elicited a great deal of
interest.!  Lipofectamine™ 2000, a standard delivery agent of nucleic acids for in vitro
applications, contains lipid subunits decorated with positively-charged amines that encase the
nucleic acid via electrostatic interactions. The nucleic acids encapsulated in this positively
charged liposome are thus protected and only released into the cytoplasm upon fusion of the
liposome with the cellular membrane? or if the cationic lipids become attracted to the cytosol-

facing phospholipids after endocytosis.>*

Nucleic acids carrying a net positive charge exhibit a proton sponge effect in endosomes.
A large spermine group at the 5'-end of siRNA, for instance, enables this to occur. When a large
number of the amino groups of the spermine moiety are protonated, it causes the pK,y of the
nearby non-protonated amines to decrease, which in turn allows it to buffer the solution.>® The
ability of modified nucleic acids in acidic endosomes or lysosomes to act as pH buffers is
thought to create osmotic pressure. This causes inward movement of water, vesicle swelling,
and vesicle rupture, as well as inhibition of lysosomal nuclease. Therefore, the extensive use of
secondary and/or tertiary amino groups in oligonucleotide conjugates with pKaus close to
endosomal and lysosomal pH is beneficial for releasing trapped therapeutic oligonucleotides into
the cytoplasm. Other lipopolyamines have been explored for their delivery properties,”® but
cationic dendrimers such as those based on polyamidoamine (PAMAM), triazine, carbosilane,
cyclodextrin, and even dendron-functionalized multiwalled carbon nanotubes (MWNTS) have

also been considered.®

The presence of positive charges at various positions of oligonucleotides has also been
explored (Figure 3.1). For instance, the presence of guanidinium groups in the backbone of
oligonucleotides has been found to increase cellular uptake when comprising the entire backbone

of a thymidine homopolymer.*® Nucleic acids containing positively charged sugar analogs have

86



T o also been synthesized such as those

0 Base oo ° . . .
0 Q o containing 2'-O-aminopropyl modification
QO NH, LYSHN’CL)‘B%G (1),"* 2-N-acylpolyamines,**  6'-amino-
0 . . .
e modified-bicyclo-nucleosides (2),** 2'-O-
1: 2'-O-aminopropyl 2: 6'-amino-modified-bicyclo guanidinopropyl inserts (3) 14 2' A
JVIN T . . .
“(T)N Base o A Base guanidine bridged nucleic acid synthons
{Oj ] WNH (4),> 2'-O-aminocarbamoyl moieties (5)
2
QO e O:W'va_o@ T, and their derivatives,**'"*® and 2-O-
NH - 19,20
3: 2'-O-guanidinopropyl 4: 2',4'-guanidine bridged LNA aminoacetalesters (6) None of these
p modifications have been used in siRNA
Oj o T3 Oy . Base capable of unassisted cellular uptake.
S o ﬂ\/\/\NH s ovo#mz Indeed, an AON containing single
Y 2 o , 1
0 0 insertions of 2'-N-acylpolyamines™ and
3: 2-O-aminocarbamoyl 6: 2-0-aminoacetalester siRNAs with single inserts of 2-O-

Figure 3.1. Many sugar modifications which guanidinopropyl modifications (3)* both

introduce positive charge have been incorporated
in ONs.

achieved gene silencing, but only after
lipoplex delivery, while a poly-thymidine
10-mer including five amino-modified-bicyclic residues (2)** and a poly-uridine 12-mer
including ten 2'-O-(2-amino-methyl-2-ethyl)butyryloxymethyl residues?®® both exemplified
unassisted cellular internalization, but the gene silencing potential could not be demonstrated.
The 2'-0-2-(N-methylcarbamoyl)ethyl modification,'” on the other hand, has been inserted in a
splice-switching ssON which underwent successful intratumoral injection, but it has not been
applied successfully to siRNA. The double-stranded nature of siRNA brings about a relatively
large number of negative charges that must be counteracted while maintaining a favorable
conformation and guide strand loading, and further complicates the design of sugar

modifications capable of conferring unassisted sSiRNA delivery.
3.1.1. Amino Acids in Oligonucleotides and their Delivery Agents

The chemical diversity of amino acids has been extensively harnessed in the process of
drug design. Each amino acid contains several diverse functional groups that can be exploited

for their charge, lipophilic and hydrophilic properties, and as points of chemical attachment.
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They are also substrates of a variety of enzymes, making them promoiety candidates in a variety
of tissues (further discussed in Chapter 5). Consequently, amino acids have been used
extensively in small molecule drugs and have also been considered in the development of
oligonucleotide carriers and conjugates.

Poly-L-lysine (PLL) was the first polymer to be evaluated as a transfection agent owing
to its adhesive property in the presence of cell surfaces.”* Another example of a popular
transfection agent are cell penetrating peptides (CPPs), also known as protein transduction
domains (PTDs), which depending on their peptide sequence can bind to different cellular
receptors.?? RgoF,, for example, a 29-residue peptide derived from rabies virus glycoprotein
(RVG), binds specifically to the acetylcholine receptor (nAchR) on neuronal cells, and was fused

to a polyarginine peptide to allow siRNA to form a complex with the synthetic protein.?

Amino acids have also been integrated into the chemical structures of ONs. For instance,
the backbone of the original PNA is based on glycine condensation (Figure 1.10D), and L-
arginine side chains tethered to the backbone of a polythymidine PNA have been investigated for
improved binding efficiency to DNA and improved cellular uptake.”* The Wengel lab
functionalized the N2' position of homopolymers of 2'-amino-2'-deoxyuridine and locked nucleic
acids (LNA) with glycine,?® and used glycine in LNA as an attachment site for additional amino
acids such as glycine, proline, or lysine.?® The resulting LNA-amino acid conjugates were
investigated for their thermal stabilities. 2'-O-acetamido modified ONs containing a peptide
branch at position 2'-have also been patented.”” A phenylalanine-alanine peptide has been
conjugated to the 3'-position of a terminal riboadenosine unit on a semi-synthetic tRNA via an

amide linkage to study resistance to hydrolysis.”®

The use of plasmid-encasing lipids functionalized with low-branching lysine- and
arginine-polymers was found to reduce cytotoxicity compared with branched polyethylenimine
(PEl,s) and Lipofectamine™ 2000 carriers, possibly due to differences in biodegradability.?
These versions of cationic lipoplexes were able to distribute DNA into tumor tissue after
intratumoral administration.?® In another instance, employing gold nanoparticles functionalized
with low-branching lysine resulted in increased plasmid binding efficiency and subsequent

plasmid delivery into cells.*
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3.1.2. Positively Charged Phenylalanine Sugar Modifications

e We wondered if a 2'-N-acyl-L-phenylalanine derivative of the
Ura/Cyt

0 /© 2'-O-phenylalanine acetal ester would be both resistant to hydrolysis
B and enhance cellular uptake of sSiRNA (Figure 3.2). In fact, the 2'- or

O HN__~©@

O@IIDZO EANH?’ 3'-N-acyl-L-phenylalanine modification is a familiar feature in

] biologically relevant synthetic nucleosides and nucleotides, serving a
Figure 3.2. A stable

diverse range of purposes. For example, it has been used on
2'-N-acyl-L-

deoxycytidine monomers to form enzymatically-cleavable pro-

phenylalanine o - o
moieties in tumor cells,”™ on deoxyuridine monomers for the well-

modification was )

known antibiotic activity of peptidyl nucleosides,® incorporated in

assayed in siRNA for _ _ _ ) ) )
peptide-nucleoside hybrids using unconventional nucleobase-linked
cellular uptake. ) % ) ) ) ) )
solid supports,™ and introduced into ribozymes that retained their
catalytic activity.** To the best of our knowledge, the N-acyl-L-phenylalanine modification has
not been employed in oligonucleotides (including siRNA) assayed for increased cellular uptake.
Here we investigate these siRNA analogues and monitor their uptake via flow cytometric

fluorescence resonance energy transfer (FCET), developed by Szdllosi and coworkers.*
3.2. A Method to Detect Intact SiRNA using Forster Resonance Energy Transfer

The use of Forster Resonance Energy Transfer (FRET) has demonstrated that doubled-
stranded (ds) siRNA is much more resistant to nuclease degradation than the single-stranded (ss)
version.*® Indeed, in duplex form, the antisense strand remains protected during translocation of
the siRNA from the extracellular medium to the cytosol, where the degradation kinetics of
unmodified siRNA is similar to that of nuclease-resistant siRNA.*>" Preserving the entire 19-nt-
long ds stretch of canonical siRNA in our conjugates was thus important in the delivery of the
intact antisense strand. Cyanine-3 (cy3) and cyanine-5 (cy5) fluorophores were conjugated to
the 5'- and 3'-terminal of the sense and antisense strands, respectively, of our siRNAs (Figure

3.3A). These fluorophores were used to detect ds siRNA inside cells.

The excitation and emission spectra of the cy3 dye are centered on 550 nm, and 650 nm
for cy5. The emission spectrum of cy3 overlaps, to a degree, with the excitation spectrum of cy5

(shaded area in Figure 3.3B). This overlap allows FRET to occur. On the other hand, the
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excitation of cy3 only slightly overlaps with the excitation of cy5 and thus overlap is essentially
avoided when cy3 is excited at 488 nm in a flow cytometer. Similarly, detection of cy5 emission
at wavelengths above 650 nm by a flow cytometer detects only a small portion of the emission
spectrum of cy3, thereby minimizing overestimation of the FRET intensity when cy3 is excited

and cy5 is being monitored.

FRET occurs via the non-radiative process of long-range resonance dipole energy
transfer, as illustrated by kr, triggered when a donor fluorophore (D) such as cy3 is excited by
capture of an electron, illustrated by ke, to the first excited singlet electronic state (S;) (Figure
3.3C).*® (The singlet electronic states are comprised of bold lines and their vibrational levels just
above the bold lines.) This process is in competition with radiative decay (fluorescence) of the
donor fluorophore, represented by kf; non-radiative internal conversion, denoted by k¢; and non-
radiative collisional quenching, designated as kg, by an external quencher.®® After vibrational
relaxation (shown as kyip relax) Of the electron to the lowest vibrational S; energy state of the
excited donor (D*), the electron transfers to an S; vibrational level of the excited acceptor (A*)
that corresponds to the energy level of the electron.®® Fluorescence emission corresponding to

the relaxation of the electron to a ground singlet state of A* can now occur.
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Figure 3.3. FRET-enabled siRNAs were A) modified at one terminal end of the duplex, B)
excited at 488 nm, and C) monitored above 650 nm while other radiative and non-radiative

processes occurred (adapted from reference 38).
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FRET-based siRNA has been used to detect intact duplex inside cells and monitor sSiRNA

36.39.404142 35 well as monitor cellular unpacking of siRNA from quantum

localization inside cells
dot delivery vehicles derivatized with polyethylenimine cations*® and several other delivery
nanocomplexes.** A cy3/cy5 FRET combination has also been used to label and detect cell
surface proteins,®® but the FRET pair, or any other, has not been involved in assessing the

cellular uptake of naked siRNA to the best of our knowledge.
3.3. Synthesis of Test Conjugates
3.3.1. The Monomers

The 2'-N-acyl-L-phenylalanine modification has not been incorporated at the 2' ribose
position of sSIRNA to the best of our knowledge. We decided to incorporate the modification on
the sense strand of an SiRNA targeting the mMRNA of the protein downregulated in renal cell
carcinoma (DRR) and to deliver the resulting conjugates to human glial cells (primary brain
cancer cells) that are over-expressing DRR.* These conjugates were predicted to cause an
improvement in cellular uptake of the siRNA given the use of positively charged amino groups

in transfection agents to improve cellular uptake of nucleic acids.

N-Fmoc protected L-phenylalanine was coupled to commercially available 2'-amino-2'-
deoxyuridine 1 using N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) in 80% yield,
followed by standard dimethoxytritylation with DMTrCl and phosphitylation with N,N-
diisopropylamino cyanoethyl phosphonamidic chloride to give the uridine phosphoramidite 4
needed for solid phase oligonucleotide synthesis (Scheme 3.1). The cytidine monomer was
synthesized by Dr. Ken Yamada with benzoyl protection on the nucleobase.

Bn ~_ 0.0
HO#NHFMOC \IT o U
va @J " " CNEPN(iPr),Cl DMTTO o @
HO (EEDQ) po ra DMTrCI DMTrO ra DIPEA
o R e o —_— o Bn
DMF, rt, 18 hr Bn Py, t, 3 hr Bn CH,Cly, t, 3 hr 0. 6 mu. i _Fmoc
80% H 97% B 88% NG N N~
OH  NH, HO HN _FMOC HO HN _FMOC | H
wﬂu jﬁN N(iPr), 0
H
o o
7 8 9 10

Scheme 3.1. The N-FMOC-protected L-phenylalanine amino acid was coupled to 2'-amino-2'-

deoxyuridine using EEDQ and then prepared as a phosphoramidite for solid phase synthesis.
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3.3.2. The Oligonucleotides

The sense strand of DRR siRNA was synthesized under standard solid-supported
conditions with zero, three, and six 2'-N-acyl-L-phenylalanine inserts (Table 3.1). Since the
modification was likely to introduce thermal instability, as observed with the 2'-O-phenylalanine
acetal ester inserts in Chapter 2, it was incorporated at more positions in the strand that were near
the 3'-end as opposed to the 5'-end. This was done to encourage the selective loading of the
antisense strand in the silencing machinery, which partly depends on the relative thermodynamic
stability at the 5'-end of siRNAs. Sense strands were then annealed to the unmodified 5'-

phosphorylated antisense strand synthesized with or without cy5. The cy5 strand was

Table 3.1. Test conjugates were synthesized with cy3 and cy5 fluorophores for the assessment of

cellular uptake.

SiRNA | Use Sequence

DOcy3/5 assessing duplex 5'-cy3-GGA ACC AGC UCA UCA AGA AUU-3
uptake 3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

DOCy3 Cya3 calibration, 5'-cy3-GGA ACC AGC UCA UCA AGA AUU-3'
preliminary cy3 uptake 3'-UU CCU UGG UCG AGU AGU UCU U-p-5'

DOCy5 Cy5 calibration 5'-GGA ACC AGC UCA UCA AGA AUU-3'
3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

D3cy3/s assessing duplex 5'-cy3-GGA ACC AGC UCA UCA AGA AUU-3
uptake 3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

D3cy3 preliminary cy3 uptake 5'-cy3-GGA ACC AGC UCA UCA AGA AUU-3
3'-UU CCU UGG UCG AGU AGU UCU U-p-5'

D6cy3/5 assessing duplex 5-cy3-GGA ACC AGC UCA UCA AGA AUU-3
uptake 3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

Legend: U = 2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine; p =

phosphate. Sequence: sense strand on top; antisense strand on bottom.

synthesized using phosphoramidites whose nucleobase were protected with a N-phenoxyacetyl

(PAC) group that can be cleaved after a short aqgueous ammonia (NH4OH) exposure, thus
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minimizing the detrimental oxidation of cy5. The strand without cy5 fluorophore was
synthesized with standard phosphoramidites and used in further silencing studies explored in
Chapter 4. The 5'-phosphorylation step served as a way to encourage selective loading of the
antisense strand in the silencing machinery, as with 5'-phosphorylated synthetic sSiRNA has been

found to be more active than its non-phosporylated form.*®
3.4. Cellular Uptake of Test Conjugates
3.4.1. Glial Cells

Glial cells overexpressing the protein downregulated in renal cell carcinoma, named
DRR+, were generated and grown by the Petrecca lab at the McGill Neuorological Institute
using their novel forward genetic-screening method and prepared for experiments by Dr. Phuong
Le in the Petrecca lab. The cellular uptake of the conjugates in these glial cells was first assessed
by staining the cells in reduced serum medium with the immunofluorescent vinculin, a specific
stain of the tubulin protein, as performed by Dr. Phuong Le in the Petrecca lab. No fluorophore
was detected in the cells upon incubation with naked siRNA (no transfection agent). Instead, a
fraction of the standard amount of transfection agent (1/4) was used to compare the uptake of the
unmodified siRNA DOcy3 with the modified D3cy3 (Figure 3.4). The sizes and shapes of the
cells as well as their focal adhesions (FAS) increased when they were transfected with D3cy3,
indicating that D3cy3 was internalized and caused correct downregulation. Conversely, no
phenotypic changes were seen with DOcy3. (The phenotypic changes associated with DRR
downregulation are further discussed in Chapter 4.) On the other hand, upon inspection of the
amount of internalized cy3 fluorophore, we detected more cy3 in cells transfected with DOcy3
than in cells transfected with D3cy3. We surmised that the very small amount of positively
charged transfection agent employed in these preliminary transfections resulted in the formation
of a complex with the siRNAs, allowing them to penetrate the cellular membrane, but that
complex did not necessarily develop into an encapsulating structure. Therefore, these sSiRNAs
may have been highly susceptible to extracellular nucleases, allowing for cy3 hydrolysis. We
also surmised that the modified sSiRNA was more nuclease resistant than the unmodified SiRNA
and that the incubation of DOcy3 resulted in more hydrolyzed cy3 being released in the culture
medium for uptake by the cells. (The nuclease stability of the modified sSiRNAs is explored in
Chapter 4).
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Figure 3.4. DRR+ cells were transfected with 20 nM of two different cy3-conjugated
siRNAs using one quarter of the standard amount of transfection agent, incubated for 72

hours, and stained for tubulin.

In order to differentiate between duplexes and single strands or hydrolyzed fluorophore,
siRNAs capable of FRET were employed. Thousands of transfected cells could be analyzed
quickly by flow cytometry by exciting them at 488 nm while detecting cy5 at an emission filter
of >650 nm. The emission filters were chosen according to an optimized procedure for detecting
cell surface receptors using cy3- and cy5-labeled antibodies.®> DOcy3 and DOcy5 served as
compensation standards that allowed for fine tuning of the laser voltages. The use of suboptimal
amounts of transfection agent (one eighth of the standard amount) was useful in showing the
greater potency of the thrice-modified sSiRNA over the unmodified siRNA (further discussed in
Chapter 4), as well as in measuring the relationship between the number of SiRNA modifications
and their uptake (with D3cy3/5 serving as a measuring stick for conjugates with improved

cellular uptake).

We then took on exploring the kinetics of uptake for DRR+ cells and proposed to

evaluate the amount of detected duplex at several incubation times. A 4-hour evaluation time
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was chosen in the event that the kinetics were similar to the uptake kinetics of HeLa cells, for
example, but 8- and 18-hour test points were also considered. FRET was detected with the FL3
emission channel and is shown in Figure 3.5, above the cutoff for background FRET emission
detected in untransfected cells. We found that the uptake reached a maximum after overnight
incubation with an eighth of the standard amount of transfection agent and siRNAs DOcy3/5 and
D6cy3/5. Based on those observations, we performed the rest of our flow cytometry experiments

after 18-hour incubation times.
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Figure 3.5. The histograms of duplexes detected in DRR+ via flow cytometry were
transfected with A) DOcy3/5 and B) D6cy3/5 using 1/8™ of the standard amount of

transfection agent, while C) no FRET was detected above a threshold in non-transfected
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cells. Legend: orange = 4 hr; yellow = 8 hr; green = 18 hr.

We were then able to transfect glial cells with DOcy3/5, D3cy3/5, and D6cy3/5 siRNAs
(shaded entries in Table 3.1). The histogram shown in Figure 3.6A plots the distribution of
FRET intensities detected in cell populations as a function of the number of cells detected. As
the number of modifications increases, so does the median of each distribution. The
transfections were repeated with these three siRNAs in three replicates and the relative median
FRET intensity values were plotted in the bar graph in Figure 3.6B alongside the percentage of
total cells sampled for which FRET was detected above the threshold amount. When the number
of modifications is doubled from three to six, the median intensity increases but does not double;
the relationship is not directly proportional. However, the percentage of cells with D3cy3/5 and
D6cy3/5 duplexes is equal, within error, meaning that each individual cell has more D6cy3/5
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duplex. No appreciable FRET intensity was detected in cells incubated with naked DOcy3/5-
D6cy3/5.
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Figure 3.6. Flow cytometry was used to detect DRR+ cells transfected with one eighth of
the standard amount of transfection agent and illustrated with A) histograms for three
samples and B) median FRET intensity values and percentage of cells with duplex (n = 3).

The increase in cellular uptake for an siRNA duplex containing 40 negative charges and
only six positively charge modifications, all the while using so little transfection agent, is
substantial. Indeed, Figure 3.7 shows that the uptake of the unmodified SiRNA when using half
of the standard amount of transfection agent is equal to the uptake of the fully modified test
conjugate D6cy3/5 using one eighth of the standard amount of transfection agent. With half the
standard amount of Lipofectamine™ 2000, FRET intensity for D6cy3/5 increases almost 4.5
times over FRET intensity for D6cy3/5 with an eighth of the standard amount of transfection
agent, while FRET intensity of samples transfected with DOcy3/5 increased only 3.4 times over
FRET intensity for DOcy3/5 with an eighth of the standard a mount of transfection agent,

illustrating the beneficial effects of the modifications on the cellular uptake.

Figure 3.8 shows the immunofluorescent stains of DRR+ cells transfected with the test
conjugates in serum-free media by Dr. Phuong Le, which confirm that the conjugates penetrate
the cells and are not merely attached to the cell surface. Fluorophore intensity also increases in
the order DOcy3/5 < D3cy3/5 < D6cy3/5 as expected (i.e. uptake is dependent on the number of
modified nucleotides within the duplex). The siRNAs seem to be localized in endosomes due to

punctate localization of the cy3 fluorescence.
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Figure 3.7. Glial cells transfected with half (1/2) and one eighth (1/8) the standard
amount of transfection agent and siRNAs DOcy3/5 and D6cy3/5 (n = 3) reveals that

six modifications are at least as influential as increasing the amount of transfection

agent by a factor of 4.
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Figure 3.8. siRNAs (20 nM) were visualized in glial cells stained with vinculin for
tubulin. One eighth of the standard amount of transfection agent was used for

transfections.
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3.4.2. Colonic and HeLa Cells

We wished to investigate the influence of the number of modifications in different cell
lines and confirm that the trend in FRET intensity also applies to human colonic and HeLa cells.
To do so, DOcy3/4, D3cy3/5, and D6cy3/5 were transfected with 1/8™ and 1/4™ of transfection
agent. The DRR-targeting SiRNA sequence was used in each tissue type in order to fairly
compare the uptake of these duplexes with that of human glial cells. Colonic HCT-116 cells
were provided by the lab of Dr. Jean-Christophe Leroux at the ETH in Switzerland, and
transfected and analyzed by flow cytometry by Elena Moroz using the same protocol as that used
for the experiments performed with the glial cells. HeLa cells were provided by the Dr. Hanadi
Sleiman lab at McGill University and transfected by Dr. Johans Fakhoury. Increasing the
amount of transfection agent increases uptake as expected, however the response in uptake to the
conjugates is essentially negligible at 1/8" transfection agent and minimal at 1/4™ transfection
agent regardless of the cell type used (Figure 3.9).
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Figure 3.9. One eighth and one quarter of the standard amount of transfection agent was
used to transfect A) human colonic cells and B) HeLa cells with DOcy3/5, D3cy3/5, and
D6cy3/5 siRNAs (n = 3) with no appreciable increase in uptake of conjugates using 1/8

transfection agent.

3.5. Cellular Uptake of Derivative Conjugates
3.5.1. Synthesis of Derivatives

Inspired by the strongly stimulated uptake of the test conjugates in glial cells, we wished
to enquire if enhanced uptake could be maintained if the modification was altered or replaced.
One modification that was investigated was a derivative of the 2'-N-acyl-L-phenylalanine

modification in which the terminal primary amine is removed. This modification, “X”, is shown
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in Figure 3.10. It was incorporated into RNA by coupling hydrocinnamic acid to 2'-amino-2'-
deoxy uridine 1 using EEDQ and incorporating the phosphoramide 13 (Scheme 3.2) into solid-
supported synthesis of RNA. This derivative was used to investigate the effect of the amine on
uptake. Another modification that was investigated, “Y”, was based on glycine amino acid. The
glycine-based phosphoramidite was synthesized by Dr. Ken Yamada to investigate the effect of
the benzyl group on uptake.

D3cy3/5 X3cy3/5 Y3cy3/5
e Ura T Ura

Figure 3.10. A comparison of the modifications investigated in RNA for their ability to increase

cellular uptake.
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Scheme 3.2. A phosphoramidite bearing an N-acyl-hydrocinnamic acid modification at the 2'-
position was synthesized to investigate the effect of the amino group of the phenylalanine amino

acid on cellular uptake.

3.5.2. Derivative Conjugates

Phosphoramidite 13 and the glycine-based phosphoramidite were used to synthesize
FRET-capable siRNAs containing modifications in the same positions as in D3cy3/5 (Table 3.2).
The FRET intensities of Y3cy3/5 (sense strand synthesized by Dr. Ken Yamada) and X3cy3/5
duplexes were compared to the FRET intensity of D3cy3/5 in glial cells transfected with 1/8™
transfection agent. We found that the FRET intensities of the two novel siRNAs relative to
D3cy3/5 (relative Igger) are virtually the same as that of the phenylalanine-modified siRNA.
This means that these two variations on phenylalanine increase uptake just as well as the

phenylalanine does.  Considering the endosomolytic properties of amine groups in
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oligonucleotide therapeutics,>® the phenylalanine modification was thus selected for further

studies in new constructs containing a higher number of modifications (sections 3.6 and 3.7).

Table 3.2. Conjugates with variations on the phenylalanine modification were synthesized and

their cellular uptake was compared to that of phenylalanine-containing conjugates.

SIRNA Sequence Relative lgret
5'-cy3-GGA ACC AGC UCA UCA AGA AUU-3' 1.00
D3cy3/5
3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'
5'-cy3-GGA ACC AGC XCA XCA AGA AXU-3' 1.11
X3cy3/5

3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

5'-cy3-GGA ACC AGC YCA YCA AGA AYU-3' 0.98
Y3cy3/5

3'-cy5-UU CCU UGG UCG AGU AGU UCU U-p-5'

Legend: U = 2'-N-acyl-L-phenylalanine uridine; X = 2'-N-acyl-hydrocinnamic acid uridine; Y =
2'-N-acyl-glycine uridine; p = phosphate. Sequence: sense strand on top; antisense strand on

bottom.

3.6. Combination of Phenylalanine and Fluorine Sugar Modifications

Given that the 2'-N-acyl-L-phenylalanine modification substantially decreases thermal
melting temperature for every internal insert in an SiRNA duplex (section 2.3.1), a maximum of
five internal inserts contained in the test conjugates is allowed in order for the duplexes to remain
stable above the temperature of incubation. We wanted to maintain the ds nature of the duplexes
during the relatively long incubation period needed for cellular membrane penetration, in order
to ensure that the antisense strand is also internalized. In our search for a homologous duplex
with an improved cellular uptake over that of the duplex modified with six inserts (D6cy3/5),

other chemical modifications have been considered in combination with phenylalanine.

The 2'-fluoro-ribo nucleic acid (2'-F-RNA) sugar derivative is an RNA mimic adopting a

North sugar pucker and when introduced in oligonucleotides, yields an A-form duplex.*” The
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fluorine substitution is small, well-tolerated in the silencing machinery, and while it has not
given any indication of encouraging cellular uptake, RNA modified with 2'-F-RNA units were
found to be more thermally stable than the unmodified RNA (1°C to 3°C per 2'-F-rN insert). The
origin of stabilization of 2'-F-RNA:RNA and 2'-F-RNA:2'-F-RNA duplexes has been
investigated in detail by the Egli group and was found to stem from a favorable enthalpy of
duplex formation, accompanied with a certain degree of preorganization of the 2'-F-RNA strand
(which accounts for a more favorable entropy).*® In addition, 2'-F-RNA causes a reduction in
duplex hydration along the backbone and minor groove, an unfavorable parameter for duplex
assembly,*® but the reduced hydration sphere allows for strengthened Watson-Crick hydrogen-
bonding and base-stacking.** The long-range inductive effects on the nucleobases are not the
only factors to consider; charge polarization of C-H bonds with fluorine substituted nearby
allows for FC-H2"--O4' interactions in the backbone of the duplexes, as shown by our

laboratory.>®

The 2'-F-RNA modification can be readily inserted into unmodified siRNASs since it does
not lead to duplex destabilization. The choice in the pattern of 2'-F-RNA maodification allowing
for very similar or even improved potency compared to the unmodified duplex has a certain
degree of freedom. Tracks of three inserts are tolerated anywhere in the sense or antisense
strand,” while blunt-ended, fully modified siRNA containing equal amounts of 2'-F-RNA and 2'-
O-Me RNA in a one-to-one alternating pattern have shown increased potency.>* siRNA with
alternating one-to-one and three-to-three tracks of 2'-F-RNA and 2'-F-ANA have been designed
to improve guide strand selection, while siRNA with full 2'-F-RNA modification showed
increased potency,* and a similar observation was made for siRNA with 2'-F-RNA modification
at all pyrimidine positions, which resulted in a random pattern of single modifications and two-
to four-insert-long tracks of 2'-F-RNA.>*

New siRNAs (Table 3.3) were synthesized with 2'-N-acyl-L-phenylalanine modifications
at the same six positions and with six 2'-F-RNA inserts at the 5-end of the sense strand of
D6cy3/5. The antisense strands of the new siRNAs were synthesized with zero, two, three and
four 2'-N-acyl-L-phenylalanine uridine inserts and eight 2'-F-RNA inserts at the 3'-end. The 2'-
F-RNA inserts were incorporated at the end of the duplex furthest away from the 5'-end of the

antisense strand in order to encourage antisense strand loading into RISC. Most importantly, our
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design was chosen in order to increase thermal stability by at least 14°C for the fourteen 2'-F-
RNA inserts in the duplex, in order to offset the thermal destabilization cause by the two internal

2'-N-acyl-L-phenylalanine uridine modifications in the antisense strand of F4cy5/3.

Table 3.3. Conjugates were synthesized with eight to ten modifications that increase cellular
uptake in human glial cells.

SIRNA Sequence
5'-cy3-gga aCC agC UCA UCA AGA AUU-3'
FOcy3/5
3'-cy5-UU ccu ugg Ucg AGU AGU UCU U-p-5'
5'-cy3-gga aCC agC UCA UCA AGA AUU-3'
Flcy3/5
3'-cy5-UU ccu ugg Ucg AGU AGU UCU U-p-5'
5'-cy3-gga aCC agC UCA UCA AGA AUU-3'
F2cy3/5
3'-cy5-UU ccu ugg Ucg AGU AGU UCU U-p-5'
5'-cy3-gga aCC agC UCA UCA AGA AUU-3'
F3acy3/5
3'-UU ccu ugg Ucg AGU AGU UCU U-p-5'
5'- cy3-gga aCC agC UCA UCA AGA AUU-3'
F3bcy3/5
3'-cy5-UU ccu ugg Ucg AGU AGU UCU U-p-5'
5'-cy3-gga aCC agC UCA UCA AGA AUU-3'
F4cy3/5
3'-cy5-UU ccu ugg Ucg AGU AGU UCU U-p-5'

Legend: Upper case letters = RNA; lower case letters = 2'-F-RNA; U = 2'-N-acyl-L-
phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine; p = phosphate. Sequence: Sense

on top; antisense on bottom.

The siRNAs in Table 3.3 were transfected into glial cells using one eighth of the
standard amount of transfection agent. The relative amounts of internalized siRNA and the
percent of cells with duplex as judged by FCET reveals that siRNAs Flcy3/5-F4cy3/5
containing one to four 2'-N-acyl-L-phenylalanine modifications in the antisense strand are
internalized to about the same degree (Figure 3.11). Comparing the relative FCET values of
D6cy3/5 siRNAs transfected with one eighth of the standard amount of transfection agent to the

values obtained for siRNAs Flcy3/5 and F4cy3/5 under the same condition reveals that the
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intensity of FRET detected in about the same percentage of cells due to D6cy3/5 is three times as
great (Figure 3.12).

B FRET intensity ratio
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Figure 3.11. siRNAs F1cy3/5-F4cy3/5 were transfected with an eighth of the standard

amount of Lipofectamine™ 2000 and FCET was measured.
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The most interesting finding reveals that the relative intensity of FRET and the percent of
cells with duplex increased over siRNAs Flcy3/5-F4cy3/5 when siRNA FOcy3/5 containing
fourteen 2'-F-RNA inserts and none of the 2'-N-acyl-L-phenylalanine inserts was transfected
(Figure 3.12). The data suggests that the 2'-F-RNA modification itself increases the uptake of
SiRNA in glial cells, while its combination with the 2'-N-acyl-L-phenylalanine modification
somehow discourages uptake. Alternatively, the data may be suggesting that the combination of
these modifications causes a change in the secondary structure of the oligonucleotides that
distances the fluorophores from each other. A separation of the fluorophores would cause a
reduction in FRET. Replicates of this experiment are needed to confirm these findings.
Confirmation that duplexes did indeed form between the strands is needed via the measurement

of thermal melting temperatures (Tys) of each SiIRNA.
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Figure 3.12. FCET of siRNAs FOcy3/5, F1cy3/5, and F4cy3/5 was compared to sSiRNAS

DOcy3/5 and D6cy3/5 transfected with an eighth of the standard amount of
Lipofectamine™ 2000.

3.7. A Modified Tail Creates a Self-Delivering Asymmetric SiIRNA

We continued our search for a conjugate with improved uptake over the minimally
modified siRNA that could deliver unmodified antisense strands by adding several of the inserts
to the 5'-end of the sense strand, creating a ‘tail’. A great enough improvement would allow for
uptake without any transfection agent. Various functional groups have been appended to the 3'-
end of the sense strand via the use of a solid support functionalized with lipophilic groups, such
as those highlighted in section 1.4.1.1.>> Fortunately, it has been shown that blocking of the
terminal 3'-hydroxyl of the antisense strand with a functional group, as well as both termini of
the sense strand, does not compromise the potency of symmetric siRNA.>® Cholesterol and
GalNAc conjugation at the 3'-end of the sense strand has been used in asymmetric shorter-duplex
SiRNA (asiRNA), where a 19- or 20-nt-long antisense strand is bound to a shorter sense strand,
leaving behind a single-stranded 3' antisense terminus 5- to 8-nucleotides in length.>”*® Some
groups determined that a 16-nt duplex region in their asiRNA containing a 19-nt antisense strand

was a minimal length requirement for potency,>*®°

while another showed that a 15-nt duplex
with a 21-nt antisense efficiently silenced target genes.®* While Tuschl and coworkers
determined that 2-nt-long 3'-overhangs were the most potent in their set of symmetric SIRNAs
with 19-nt duplex regions,®” those asymmetric siRNAs with variable 3'-overhang lengths are
potent siRNAs presumably since the relatively long overhangs are a result of truncated sense

strands, and are not due to a lengthening of the antisense strand. The terminal 5'-nucleotide on
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the antisense strands was hybridized to the terminal 3'-nucleotide on the sense strands, in a blunt-
ended fashion,>"® with the 5'-end of the antisense strand containing a phosphate group in order

63,64

to bypass the need for intracellular phosphorylation and further favour the antisense strand

selection by RISC.%

Our design of a self-delivering asiRNA candidate with more amino acid modifications
than we have previously used in one siRNA molecule, was done using the same solid supported
synthetic procedure that was employed for our test conjugates. The sense strand of D6cy3/5 was
essentially extended to a 27-mer with seven 2'-N-acyl-L-phenylalanine uridine nucleotides
connected by six PS bonds at the 5'-end, and the guanosine nucleotide at the 21* position was
removed (Table 3.4). The cy3 fluorophore was moved from the 5'-position of the sense strand to
the 5'-position of the antisense strand, and a cy5 fluorophore was used at the 3'-position of the
sense strand. This allowed the fluorophores to communicate at the same 2-nt distance and thus
yield FRET. The 7-nt tail was comprised of a phosphorothioate (PS) backbone, normally
incorporated in oligonucleotides that silencing through the antisense mechanism and not the
siRNA mechanism. PS modifications in the tail of the sSiRNA, rather than in its backbone,
should avoid interfering with RISC-mediated silencing the modification. They were also
expected to improve cellular uptake, as it was shown for PS-modified oligonucleotides during

gymnosis.?® The sequences and structures of the oligonucleotides are shown in Table 3.4.

Table 3.4. Asymmetric SIRNAs were synthesized with up to thirteen total modifications.

SIRNA Sequence

5'-UsUsUs UsUsUs UsSGA ACC AGC UCA UCA AGA AUU-cy5-3'
3'-UU CCU UGG UCG AGU AGU UCU U-cy3-5'

5'- UsUsUs UsUsUs USGA ACC AGC UCA UCA AGA AUU-cy5-3'
3'-UU CCU UGG UCG AGU AGU UCU U-cy3-5'

Legend: U = 2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine; s =

AOcy3/5

Al3cy3/5

phosphorothioate. Sequence: sense strand on top; antisense strand on bottom.
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Tuschl and coworkers studied gene silencing by symmetric duplexes with varying 3'-
overhang lengths and found that 21-nt-long duplexes are the most potent silencers.®? They also
found that symmetric duplexes greater than 23-nucleotides-long had no activity; therefore, an
antisense strand greater than 23-nucleotides would not be useful for silencing. In keeping with
that idea, the original length of the antisense strand was not modified, but the 5'-phosphate was
removed (Table 3.4). This allowed the 5'-cy3 to communicate with the 3'-cy5 of the sense strand

at the same 2-nt distance as that used for the test conjugates.

Glial cells were transfected with an eighth of the standard amount of Lipofectamine™
2000 and 20 nM of duplexes D6cy3/5, AOcy3/5, and Al13cy3/5, the same concentration as that
used in our test studies. In doing so, we wished to detect any improvement in the uptake of the
asymmetric duplexes over the most modified test conjugate under the same transfection
conditions used to observe an improved uptake of D6cy3/5 over the unmodified siRNA. We
reasoned that some transfection agent was still needed at this point so that any marginal
improvement in uptake could be quantified even if unassisted uptake was not possible with the
asymmetric conjugates. Figure 3.13 reveals that in samples transfected with A13cy3/5, a greater
FRET intensity (normalized to the intensity of D6cy3/5) was detected in both replicates. The
fluorescence intensity of A13cy3/5 was greater by about half the intensity of D6cy3/5 samples.

This led us to believe that an appreciable amount of A13cy3/5 could potentially penetrate cells

EEE

Dé6cy3/5 AOcy3/5 A13cy3/5

without transfection agent.
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Figure 3.13. The ratio of median FRET intensity of glial cells transfected with duplex
D6cy3/5, AOcy3/5, and Al3cy3/5 (n = 2) to that of D6cy3/5 reveals that there is 50%
more FRET detected from A13cy3/5 than the test conjugate D6cy3/5. All duplexes were
transfected with one eighth of the standard amount of transfection agent.
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Glial cells were then incubated without transfection agent at a concentration of 40 nM of
duplex DOcy3/5, D6cy3/5, AOcy3/5, and Al3cy3/5. The histograms of the FRET intensity are
shown in Figure 3.14. There is a large shift in intensity between the modified sSIRNA D6cy3/5
and the amino acid-modified asymmetric Al3cy3/5. The PS-modified asymmetric AOcy3/5 is
also detected with greater intensity than the test conjugate D6cy3/5. As mentioned above,
without the use of transfection agent, D6cy3/5 and D0Ocy3/5 exhibit no difference in fluorophore
intensity in the cells; indeed, the median intensities of their distributions as shown in Figure 3.14
are comparable. Under the microscope, this level of cellular uptake becomes negligible since the
FRET intensity distributions of DOcy3/5 and D6cy3/5 mostly lay to the left of the line marking
the upper FRET intensity of DOcy3 in Figure 3.14 (DOcy3 is not capable of exhibiting FRET

since there is no cy5 present on the opposite strand).
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Figure 3.14. The distribution of FRET intensities in cells incubated without delivery agent

reveals the improvement in uptake possible with asymmetric duplexes AOcy3/5 and Al3cy3/5
when compared to the negligible uptake of symmetric duplexes DOcy3/5 and D6cy3/5. The
peaks for the asymmetric duplex peaks lie to the right of the line marking the upper FRET
intensity of cy3-labeled unmodified siRNA.
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Figure 3.15. The cellular internalization of asymmetric duplex A13cy3/5 (40 nM, without
transfection agent) is much greater than the unmodified symmetric DOcy3/5 after 18 hours

incubation with glial cells.

The differences in internalization of the asymmetric duplexes over the unmodified
canonical siRNA structure is shown in Figure 3.15. Dr. Phuong Le performed these
immunofluorescent stains. Co-localization of the cy3 and cy5 fluorophores can be seen for the
PS-modified AOcy3/5, indicating that the presence of the PS bonds increases the cellular uptake
of the sSiRNA. Co-localization of the fluorophores is also seen for A13cy3/5, and with very high
intensity for each fluorophore. In fact, the laser intensities used to capture the images for
DOcy3/5 and AOcy3/5 were equal, however the intensities were reduced for A13cy3/5 due to
saturation of the detectors (Figure 3.16). To the best of our knowledge, this is the first
demonstration of an asymmetric siRNA that is able to self-deliver to cells due to sugar
modifications. In Chapter 4, the ability of unlabeled siRNA-2'-N-acyl-L-phenylalanine

conjugates to cause protein downregulation and gene silencing with reduced amounts of
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transfection agent, or even none at all, is made
possible by the improvement in cellular uptake

demonstrated in this chapter.
3.8. Conclusion

We have employed the FCET method for
detecting intact RNA duplex in cells by
exploiting the ability of cyanine-3 and cyanine-5

to act as a FRET pair. We used this method in

’A, | : _‘ human glial cells to discover that constructs
Figure 3.16. The detection of A130y3/5 containing 2'-N-acyl-L-phenylalanine, 2'-N-acyl-
in glial cells using the same laser hydrocinnamic acid, and 2'-N-acyl-glycine sugar

intensities as those used in Figure 3.15 modifications increase cellular uptake with an

results in detector saturation. increasing number of modifications, and this
observation applies to duplexes containing
canonical 2'-hydroxyl groups but not 2'-F-RNA. This method was also used to construct
duplexes with a phosphorothioate ‘tail’ that experience unassisted uptake in human glial cells
despite an increase in the number of negatively charged internucleotide linkages. Conjugates
capable of unassisted cellular uptake are attractive in the preparation of therapeutic sSiRNA

candidates.
3.9. Experimental Methods
3.9.1. General Procedures for Monomer Synthesis

'H-NMR and **C-NMR spectra were recorded at 400 MHz and 300 MHz, respectively,
using the residual solvent peak as an internal standard ((CD3),CO, CD,Cl,, (CD3),S0). *H-NMR
spectra were assigned using 2D *H-NMR (COSY) spectra. *'P-NMR spectra were recorded at
200 MHz using 85% H3PO, as an external standard. Reactions were monitored by TLC on
alumina plates coated with silica gel and visualized with UV light and charring with H,SO..
Preparative chromatography was performed with 40-60 um, 230-400 mesh silica gel. DMF and
DMSO was dried over 3A molecular sieves for at least 48 hr. CH,Cl,, THF, and MeCN were

dried on an mBraun SPS solvent purification system. Pyridine, NEts;, and DIPEA were distilled
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from CaH,. Where yields for monomer syntheses have been reported as an average in the

previous sections, one example is described below.
3.9.2. Synthesis of Monomers

2'-deoxy-2'-N-[acyl-N-(9-fluorenylmethoxycarbonyl)-L-phenylalanine] uridine (8):
Compound 7 (629 mg, 1.03 mmol) was dissolved in DMF (10 mL) with N-(9-
fluorenylmethoxycarbonyl)-L-phenylalanine amino acid (597 mg, 1.54 mmol) and EEDQ (508
mg, 2.06 mmol) and stirred at 55°C overnight. Upon completion, the reaction was dried in vacuo
and purified by silica gel chromatography (CH,Cl,:MeOH 50:1) with 1% pyridine added to
neutralize the silica to afford 8 (1.04 g, 93%). "H-NMR ((CDs),CO) & 7.85 (d, J = 7.42 Hz, 2H),
7.64 (brt, J = 7.81 Hz, 2H), 7.23 — 7.42 (m, 10H), 6.03 (d, J = 8.21 Hz, 1H), 5.64 (d, J = 8.21
Hz, 1H), 4.69 (dd, J = 8.50, 5.57 Hz, 1H), 4.44 (br d, J = 4.30 Hz, 1H), 4.09 — 4.34 (m, 4H), 3.79
(d, J = 2.74 Hz, 2H), 3.57 — 3.66 (m, 2H), 3.50 — 3.55 (m, 2H), 3.16 (br dd, J = 13.68, 5.08 Hz,
1H). ESI-QTOF calc for C33H3,N4Og [M+Na]: 635.21; found: 635.85.

2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-2'-N-[acyl-N-(9-fluorenylmethoxycarbonyl)-L-

phenylalanine] uridine (9): Compound 8 (350 mg, 0.57 mmol) was dissolved in pyridine (5
mL) with 4,4'-dimethoxytrityl chloride (252 mg, 0.74 mmol) and stirred at room temperature
overnight. After completion, the reaction was quenched with sat. ag. NaHCOj3; and extracted
with CH,Cl,. The products were dried over MgSQ,, filtered and dried in vacuo. The reaction
products were purified by silica gel chromatography (hexanes:EtOAc 2:3) with 1% pyridine
added to neutralize the silica to afford 9 (503 mg, 96%). #: *H-NMR ((CD3),CO): 6 7.83 (d, J =
7.31 Hz, 2H), 7.75 (d, J = 8.20 Hz, 1H), 7.44 — 7.58 (m, 3H), 7.15 - 7.41 (m, 18H), 7.03 (br d, J
= 8.50 Hz, 1H), 6.75 — 6.92 (m, 4H), 6.24 (d, J = 9.01 Hz, 1H), 5.36 (d, J = 8.06 Hz, 1H), 4.99
(br d, J =5.42 Hz, 1H), 4.43 — 4.63 (m, 2H), 3.90 — 4.09 (m, 4H), 3.68 — 3.81 (s, 6H), 3.42 (br s,
1H), 3.14 — 3.32 (m, 2H), 2.95 — 3.10 (m, 2H). ESI-QTOF calc for Cs4HsoN4O10 [M+Na]:
937.34; found: 937.96.

2'-deoxy-5'-O-(4,4'-dimethoxytrityl)-2'-N-[acyl-N-(9-fluorenylmethoxycarbonyl)-L-
phenylalanine]-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (20):
Compound 9 was dissolved in CH,Cl, (3 mL) and stirred at room temperature. DIPEA was

quickly added (940 uL, 5.40 mmol) and then 2-cyanoethyl-N,N-diisopropylphosphonamidic
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chloride dropwise (361 uL, 1.62 mmol). The completed reaction after overnight stirring was
quenched with sat. ag. NaHCOg3. The aqueous layer was extracted with CH,Cl,. The organic
layer was dried over MgSOy, filtered and dried in vacuo. The product was purified by silica gel
chromatography (hexanes:EtOAc 3:2) with 1% pyridine added to neutralize the silica to afford
10 (775 mg, 87%). *'P-NMR (CDCl,) & 150.67, 149.19. ESI-QTOF calc for Cg3Hg7NgO11P
[M+Na]:1137.45; found: 1137.20.

2'-deoxy-2'-N-(acyl-N-hydrocinnamic acid) uridine (11): Nucleoside 7 (200 mg, 0.82
mmol) was dissolved in DMF (4 mL). At the same time, EEDQ (812 mg, 1.64 mmol) and
hydrocinnamic acid (185.1 mg, 1.23 mmol) were dissolved in DMF (3 mL). After 1 hr, half (1.5
mL) of the EEDQ/hydrocinnamic acid solution was added dropwise to the nucleoside. After 24
hr, the reaction was washed with saturated aqueous NaHCO;3; and the agueous layer was
extracted three times with CH,Cl,. The organic layer was dried over MgSOy,, filtered, and dried
in vacuo. The crude material was purified with silica gel with a gradient of 1 — 10% MeOH in
CH.ClI, to give product 11 in 67% yield. *H-NMR ((CD5),SO): & 11.29 (d, J = 1.83 Hz, 1H),
7.89 (d, J = 8.24 Hz, 1H), 7.85 (d, J = 8.85 Hz, 1H), 7.21 — 7.28 (m, 2H), 7.12 — 7.18 (m, 2H),
5.91 (d, J = 8.85 Hz, 1H), 5.69 (d, J = 4.27 Hz, 2H), 5.17 (t, J = 5.19 Hz, 1H), 4.53 (td, J = 8.70,
5.19 Hz, 1H), 4.06 (t, J = 5.34 Hz, 1H), 3.87 — 3.98 (m, 1H), 3.58 (br t, J = 4.88 Hz, 2H), 2.67 —
2.89 (m, 2H), 2.33 — 2.49 (m, 2H). ESI-QTOF calc for C1gH»:N3Os [M+Na']: 398.13; found:
398.23.

2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-2'-N-(acyl-N-hydrocinnamic acid) uridine (12):
Nucleoside 7 (152 mg, 0.41 mmol) was dissolved in pyridine (4 mL) and DMTrCI (178.4 mg,
0.53 mmol) and AgNO; (89 mg, 0.53 mmol) were added. After 3 hr, the reaction was washed
with saturated aqueous NaHCO3 and the aqueous layer was extracted three times with CH,Cl..
The organic layer was dried over MgSQ,, filtered, and dried in vacuo. The crude material was
was purified with silica gel to give product 12 in 91% yield with a gradient of 1 — 9% MeOH in
CH,Cl, with 0.5% pyridine additive. *H-NMR ((CD5),SO): & 11.34 (d, J = 2.14 Hz, 1H), 7.96
(d, J = 8.54 Hz, 1H), 7.65 (d, J = 8.24 Hz, 1H), 7.22 — 7.35 (m, 11H), 7.12 — 7.20 (m, 3H), 6.86 —
6.96 (m, 4H), 5.89 (d, J = 8.24 Hz, 1H), 5.40 (dd, J = 8.24, 2.14 1H), 4.08 — 4.20 (m, 1H), 3.95 —
4.07 (m, 1H), 3.75 (s, 6H), 3.23 — 3.39 (m, 2H), 3.18 (dd, J = 10.53, 3.20 Hz, 2H), 2.73 — 2.89
(m, 2H), 2.41 — 2.49 (m, 2H). ESI-QTOF calc for C3gH3sN3Og [M+Na]: 677.27; found: 700.26.
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2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-2'-N-(acyl-N-hydrocinnamic acid)-3'-O-[(2-
cyanoethyl-N,N-diisopropyl)phosphoramidite] uridine (13): Nucleoside 12 (240 mg, 0.35
mmol) was dissolved in CH,Cl, (3 mL). DIPEA (308 pL, 1.75 mmol) and then phosphitylating
reagent (119 pL, 0.9 mmol) were added. After 1.25 hr the reaction was washed with saturated
aqueous NaHCOj3 and the aqueous layer was extracted three times with CH,Cl,. The organic
layer was dried over MgSQy, filtered, and dried in vacuo. The crude material was purified twice
by silica gel chromatography to remove a large excess of phosphitylating reagent with 1 — 8%
MeOH in CH,ClI, to a yield of 78%. *P-NMR ((CDs),CO) & 149.82, 148.77. ESI-QTOF calc
for C4gHssNsO9P [M+Na']: 900.37; found: 900.45.

3.9.3. Oligonucleotide Preparation

Oligonucleotides were synthesized on UnyLinker™ CPG (500 A) with an Applied
Biosystems DNA/RNA 3400 Synthesizer. Standard phosphoramidites were purchased from
ChemGenes Corporation (Wilmington, MA) and dissolved in MeCN to a concentration of 0.15
M.  Synthesized phosphoramidites were dissolved to a concentration of 0.12 M in
DMSO/CH,Cl/MeCN (1:5:5 v/viv) for phosphoramidite 10 and in MeCN for phosphoramitide
13. Coupling times for thymidine and uridine were 600 sec, while coupling time was 1200 sec
for the modified units. Activation of phorphoramidites was achieved with standard 0.25 M ETT
in MeCN. Standard capping was performed with a CAP A solution of Ac,O/py/THF (10:10:80
v/viv) and a CAP B solution of 15% N-methylimidazole in THF. The oxidation solution used
was standard 0.1 M I, in py/H,O/THF (8:16:76 v/v/v). Standard 3% TCA in CH,CI, was used
for detritylation steps. Cyanine-3 was coupled to the solid support after detritylation of the last
nucleotide in the sequence in the following manner. Cyanine-3 phosphoramidite was dissolved
in MeCN to a concentration of 0.12 M. With argon flowing through the top of the synthesis
column, a 1-mL syringe with activator solution (0.25 M ETT, 170 uL) was secured to the bottom
end of the column. The line delivering argon to the top of the column was removed and the
activator was immediately pushed through the column, followed by immediate attachment of
another 1-mL syringe containing cyanine-3 phosphoramidite (0.12 M, 170 uL) to the top of the
column. The pistons of the syringes were pushed back and forth a few times and then the
column was shaken for 15 minutes. Then the support was washed with MeCN, and oxidized and

then detritylated on the ABI Synthesizer. The same synthetic protocol was used for conjugate
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strands with a 3'-cyanine-5, however succinyl-CPG derivatized with cyanine-5 was used with

rAPAC rCPAC and rG"BU"A¢ phosphoramidites.

The UnyLinker™ and succinyl solid supports were suspended in the standard
NH4OH/EtOH deprotection solution (1 mL, 3:1 v/v) and put on a shaker for 48 hr and 36 hr,
respectively, at r.t. to remove the nucleobase and internucleotide protecting groups, and to cleave
the support linker. After decanting and lyophilizing the supernatant, fast desilylation was
performed in NEt3-3HF/NMP/NEt; (0.300 mL 1.5:0.75:1 v/v/v) at 65°C for 4 hr., after which
NaOAc (3 M, pH 5.5, 0.0025 mL) and cold 1-butanol (1 mL) were added to precipitate the
oligonucleotide. The washed and dried oligonucleotide was dissolved in water, filtered, and
purified by RP-HPLC. Crude oligonucleotide was suspended in autoclaved water. Because
much of the modified oligonucleotides did not dissolve, 20 pL of 2 M triethylammonium acetate
(TEAA) was added to dissolve the samples. A gradient of 5-40% MeCN in TEAA was used to
purify the strands.

Table 3.5. Exact mass values of oligonucleotides synthesized

Exact Mass Values
Oligonucleotide | Sense strand Antisense strand

Calculated Found Calculated Found
DOcy3/5 7207.2019 7206.1563 7214.0141 7214.0469
DOcy3 7207.2019 7206.1563 6681.7709 6681.7188
DOcy5 6699.9612 6699.9612 6681.7709 6681.7188
D3cy3/5 7645.4575 7644.3359 7214.0141 7214.0469
D3cy3 7645.4575 7644.3359 6681.7709 6681.7188
Dé6cy3/5 8089.7569 8082.6094 7214.0141 7214.0469
X3cy3/5 7600.4233 7602.4463 7214.0141 7214.0469
Y3cy3/5 7375.3150 7377.3299 7214.0141 7214.0469
FOcy3/5 7219.1782 7219.1634 7230.0170 7230.1190
Flcy3/5 8101.7332 8101.7440 7230.0170 7230.1190
F2cy3/5 8101.7332 8101.7440 7522.1864 7522.2121
F3acy3/5 8101.7332 8101.7440 7668.2711 7668.2400
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F3bcy3/5 8101.7332 8101.7440 7668.2711 7668.2400
F4cy3/5 8101.7332 8101.7440 7814.3558 7814.3693
AOcy3/5 9142.3456 9144.9141 7109.04 7110.8228
Al3cy3/5 11047.4935 11049.9003 7109.04 7110.8228

3.9.4. Transfections

DOcy3/5, D3cy3/5, D6cy3/5, X3cy3/5, Y3cy3/5, FOcy3/5-F4cy3/5, AOcy3/5, and
Al3cy3/5 were transfected using substandard amounts of Lipofectamine™ 2000 purchased from
Invitrogen (using the manufacturer’s protocol). An aliquot of SIRNA (25 uM, 2 uL) in 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)-containing buffer (0.6 M KC1, 6 uM
HEPES, 1 uM MgCl,.6H,0, pH 7.4) was diluted in opti-MEM reduced serum medium (248 pL).
Lipofectamine™ 2000 in opti-MEM reduced serum medium (final volume 250 pL) was added to
the siRNA solutions for an siRNA concentration of 0.1 uM. Amounts of Lipofectamine™ 2000
were calculated based on Y4 and 1/8 of 5 uL per well of the 6-well plates used (final volume 2
mL). Cells plated at 100,000 cells/well were transfected and incubated with the siRNA at 37°C
for 18 hours in DMEM high-glucose supplemented with 10% FBS, for a final concentration of
20 nM. AOcy3/5 and A13cy3/5 were also incubated at 40 nM using a 4-uL aliquot of siRNA and

no Lipofectamine™ 2000.
3.9.5. Immunocytochemistry

Cells were grown on glass coverslips at a density of 50,000 cells/well, fixed with 3%
PFA, permeabilized with 0.5% Triton X-100 and blocked with 0.5% BSA solution. Coverslips
were incubated with primary antibody mouse anti-vinculin (1:200) for staining focal adhesions,
purchased from Sigma by the Petrecca lab. This was followed by incubation with anti-mouse
secondary antibody (1:1000) conjugated to Alexa 488, purchased from Invitrogen by the
Petrecca lab. Fluorescently labeled cells were visualized with a Zeiss 510 confocal microscope

(63 x objective) in the Petrecca lab.
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3.9.6. Flow Cytometry

The cell media was removed and 10 mM EDTA in PBS (2 mL) was added to each well.
Cells were incubated at 37°C for 20 minutes until they all became detached from the plate. They
were transferred to a tube, centrifuged for 5 minutes at 1400 rpm, decanted, and resuspended in
3% paraformaldehyde (200 uL). A BD FACSCalibur machine and CellQuest Pro software were
used to analyze glial and HeLa cells. Cy3 was detected in the FL2 channel, Cy5 in FL4,
autofluorescence in FL1, and FRET in FL3. DOcy3 and DOcy5 compensation samples were
exited simultaneously with blue laser (488 nm) and red laser (635 nm) to adjust voltages.
Samples were then excited with only blue laser to detect FRET-based emission of cyanine-5. On
the Accuri C6 flow cytometer used for the colonic cells, the blue and red lasers were pulsed
intermittently during compensation of controls and sample measurement. Red and blue laser

excitations were recorded in separate files.

Cells were passed through the cytometer at a maximal rate of 200 cells/second in order to
avoid issues with more than one cell passing through the interrogation. The acquisitions were
stopped when 20,000 cells were measured in a large gate excluding cells lying on either forward
or side scatter axes, or near the origin of the graph. The total number of cells gated and the
number of cells in the FL3+/FL1- quadrant were used to calculate the percentage of cells with
duplex (% cells with duplex = number of gated cells + number of cells in FL3+/FL1- quadrant).
The median intensity value in the FL3+/FL1- quadrant was adjusted for background excitation

by subtracting the median FL3 intensity value for non-transfected cells of the sample set.
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Chapter 4: Gene Silencing Properties of Amino Acid-siRNA Conjugates

4.1. Positively Charged 2' Sugar Modifications in Application to RNA Interference

The mechanism of siRNA downregulation was described in Chapter 1, in which synthetic
duplex RNA hijacks an endogenous process of catalytic cleavage of a target mMRNA sequence.
This results in fewer mRNA copies and, as a result, attenuates expression of the protein encoded
by the mRNA. While the canonical siRNA duplex is comprised of 2'-hydroxyl groups, these are
in fact not necessary, as activated RISC only recognizes the duplex conformation of the major
groove.! RISC recognition also does not necessitate a perfect A-form siRNA duplex.? What is
essential, however, is an A-form duplex between the guide strand that remains in activated RISC
and the target mMRNA.? It is also crucial that an intact guide strand of the required length is
available for loading into RISC, despite the presence of extracellular and intracellular nucleases,

and that the correct strand of a duplex is loaded into the complex.

There are many modifications to the ribose sugar of RNA, highlighted in section 1.3.4.2,
which comprise a range of sugar conformations. They can be inserted into siRNA to confer
nuclease resistance relative to the unmodified duplex, and to encourage selection of the guide
strand. They can favour guide strand loading into RISC through their effect on the thermal
melting temperature (Tr) - being strategically placed in the siRNA construct to guide duplex
unzipping at the 5'-end of the antisense strand, allowing antisense strand loading into RISC. The
modification can be used nearer the 3'-end of the intended guide strand if it is stabilizing (+ATp),
or it can be used nearer the 5'-end of the intended guide strand if it is destabilizing (-ATy).>* If
the sugar conformation is far from A-form or unknown, the modification can be inserted into the
passenger strand near the appropriate terminal, depending on its ATy, since it is the A-form
helical conformation between the guide strand and the mRNA target that is essential. Other
modifications that are tolerated in the guide strand, such as 2'-fluoro-RNA, can be inserted near

the appropriate terminal on the guide strand.

These considerations have been made in the characterization of several 2'-positively
charged sugar modifications, with sparse examples of their evaluation in RNA interference.
Nonetheless, positively charged 2'-positions in RNA such as single 2'-O-aminoethyl (2'-O-AE)
or single 2'-O-guanidinoethyl (2'-O-GE) (pKan = 12.5) inserts in RNA retain the A-form of the
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RNA duplex and increase nuclease stability.> In fact, these two cationic RNAs are more
nuclease resistant than RNAs containing some neutral 2' modifications.> An analogous group to
2'-O-AE, 2'-0-3-(N,N-dimethylamino)propyl, as well as 2'-O-GE modification, increases T,
when modifications are spaced out in an oligonucleotide and slightly decreases T, when they are
grouped together.®” A single insert of 2'-O-GE or 2'-O-AE five nucleotides away from the 3'
terminus of the sense strand retains sSiRNA activity, while insertion of 2'-O-AE at the 5' terminus
of the antisense strand obliterates silencing, possibly due to disfavoured loading of the antisense
strand.> A cationic homologue to 2'-O-AE, 2'-O-aminopropyl (2'-O-AP) uridine (pKay = 9),
interconverts between the South (60%) and North (40%) conformations when sandwiched by
DNA monomers, increases nuclease stability, and alters T, to an RNA complement in both
positive and negative directions depending on its placement.® Used in a gapmer antisense
oligonucleotide (AON), the modification inserted into the center of a phosphorothioate-AON
improved gene silencing when compared to the phosphorothioate-only AON.® A single 2'-O-
guanidinopropyl (2'-O-GP) modification, a cationic homologue to 2'-O-GE, is minimally

thermally destabilizing and has achieved gene silencing in the antisense strand of siRNA.°

We sought to explore the compatibility of the 2'-N-acyl-L-

Agv Ura/Cyt phenylalanine modification characterized in Chapter 3 as having
0 /© strong ability to increase uptake of RNA, in the RNAIi pathway.

e} HNWA'CS'_|3 Neither helix nor sugar conformation have been studied for duplexes
containing this modification. Previous work studied the inhibitory
Figure 4.1. The stable effect of 2'-N-acyl-L-phenylalanine uridine on chitin synthesis, due to
2 _N-acyl-L- its structural similarity to UDP-N-acetylglucosamine,’® as well as the

phenylalanine protease activation of 3'-N-acyl-L-phenylalanine deoxycytidine

modification was prodrug.”*  The only incorporation of the modification into an

assayed in SiRNA for oligonucleotide, to the best of our knowledge, was done in a

compatibility with hammerhead ribozyme, for which kinetics of substrate cleavage were
RNAi measured.'?> For these reasons, T, and nuclease resistance data have

not yet been reported.

In this chapter, uridine and cytidine with 2'-N-acyl-L-phenylalanine modifications are

incorporated into SiRNAs using phosphoramidites whose syntheses were discussed in Chapter 2.
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Several of the DRR-targeting sequences synthesized in this chapter are based on sequences
synthesized and listed in Tables 3.1 and 3.4 in Chapter 3. Additional DRR and bcl-2-targeting
RNAs were synthesized for this chapter. siRNAs were characterized for their ability to cause
gene silencing in two endogenous systems despite the use of very little or no transfection agent.
In this way, their ability to outperform their corresponding unmodified siRNAs is assessed.
Their nuclease stability, polyacrylamide gel mobility, lipophilicity, and effect on thermal melting

temperature are also described.
4.2. The siRNAs Synthesized Target Endogenous Genes
4.2.1. Downregulated in Renal Cell Carcinoma (DRR)

The invasion of malignant glial cells (primary brain cancer cells) into brain tissue is a
multistep process. This process begins with attachment to focal adhesions (FAs) and is
eventually followed by FA disassembly once the extracellular matrix in front of the cell is
degraded and the cell has translocated forward.*®> The Petrecca lab at McGill University has
identified a protein regulator of FA disassembly called downregulated in renal cell carcinoma
(DRR).™ It is not expressed in normal glial cells, which have a rounded cell shape and large FAs
that surround the entire perimeter of the cells, yet it is highly expressed in invasive gliomas,
which take on a spindle-like cell shape with a few small and spaced out FAs.*® In this chapter,

these invasive cells overexpressing DRR will be referred to as DRR+ cells.

An siRNA 19-mer duplex with 2-nucleotide (nt) 3'-overhangs was previously designed
by Dr. Glen Deleavey, a former member in the Damha lab, against the mRNA sequence of the
drr gene (NCBI accession number: NM_007177.2) from positions 786 to 805 and was used as
the template for the SiIRNAs listed in Table 4.1.%* The Petrecca lab generously provided me with
DRR+ cells and their laboratory space for Western blots and immunofluorescent stains of DRR+
cells, which I carried out, or they performed the assays themselves, where indicated. Dr. Ken
Yamada synthesized the 2'-N-acyl-L-phenylalanine cytidine phosphoramidite as well as
sequences D4-D3C (Table 4.1). The thermally destabilizing uridine modifications were added to
the sense strand nearer the 3'-end (D1a-D3), and the cytidine modification was added to the three
positions closest to the 3'-end (D4-D3C), with a maximum of two consecutive 2'-N-acyl-L-

phenylalanine modifications. This was done in an effort to encourage the loading of the desired
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antisense strand for most of the conjugates. A 5'-phosphate was used on the antisense strand to

further encourage the selection of the antisense strand for guide strand loading.

A scrambled duplex was synthesized in order to serve as a non-targeting negative control.
It was designed by entering scrambled sequences of both the antisense and sense strand of DRR-
targeting siRNA into NCBI’s online BLASTn tool and searching for stretches of nucleotide
matches in the human and mouse genomes and in their RNA transcripts (such as mRNAs). A
scrambled sense sequence with the same number of U, rC, rG, and rA nucleotides, but with a
rArA 3'-overhang instead of an rUrU 3'-overhang, was found to have an extremely low number
of short complements to RNA transcripts. Its 21-mer complement with a rCrG 3'-overhang
exchanges two U nucleotides in the antisense strand’s overhang with an extra rC and rG as well
as two more U nucleotides in its center, that were opposite the two rA nucleotides moved to the
scrambled sense strand’s overhang, with two extra rAs. Therefore, the scramble antisense strand
contains four less U nucleotides, one more rG and rC nucleotide, and two more rA nucleotides
than the targeting antisense strand, and is thus not a true “scrambled” sequence by definition.
However, both the designed scrambled sense and antisense strands complement thousands of
times fewer sequences in the genomes and RNA transcripts than the previously used non-
targeting siRNA in DRR silencing assays,™ thus making the designed non-targeting siRNA a
much more reliable negative control. The non-targeting siRNA was also synthesized with three
2'-N-acyl-L-phenyalalnine uridine modifications (D3-scr). The use of this scramble was
important in confirming that the modification itself wasn’t causing downregulation by DRR-

targeting siRNA conjugates (Figure 4.11 and Figure 4.18).

When the expression of DRR in DRR+ cells is silenced by siRNA, FA disassembly and
reassembly is halted, reducing the malignancy of the gliomas. The phenotypic changes
associated with DRR downregulation caused by siRNAs shown in Table 4.1 were observed
under a microscope by the immunofluorescent staining of the cells (section 4.3.2). The potencies
of these siRNAs in DRR+ cells were assessed qualitatively with immunoblots (also known as
Western blots) in section 4.3.1, which measure the degree of reduction in protein expression.
Quantitative assessment of DRR downregulation was measured by the invasion distance of

DRR+ cells emanating from tumor spheroids transfected with the siRNAs (section 4.3.3). The
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long-term objective in targeting this protein is to prevent cancer relapse after tumor removal due

to leftover malignant cells.

Table 4.1. The sense strands of DRR-targeting sSiRNAs D0-D3C and the scramble strands DO-

scr and D3-scr used for gene silencing experiments.

siRNA Sense strand Tm (°C)
DO 5'-GGA ACC AGC UCA UCA AGA AUU-3 75.9
Dla 5'-GGA ACC AGC UCA UCA AGA AUU-3 75.5
D1b 5'-GGA ACC AGC UCA UCA AGA AUU-3' 70.3
D2 5'-GGA ACC AGC UCA UCA AGA AUU-3' 69.6
D3 5'-GGA ACC AGC UCA UCA AGA AUU-3 63.8
D4 5'-GGA ACC AGC UCA UCA AGA AUU-3' 59.7
D5 5-GGA ACC AGC UCA UCA AGA AUU-3' -

D6 5-GGA ACC AGC UCA UCA AGA AUU-3 49.1
D3C 5-GGA ACC AGC UCA UCA AGA AUU-3' 58.0
DO-scr 5'-UCC UUC GAC GAG AAG AAC UAA-3' n.d.
D3-scr 5'-UCC UUC GAC GAG AAG AAC UAA-3 n.d.

Legend: U = 2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine;
antisense strand = 5'-p-UUC UUG AUG AGC UGG UUC CUU-3'; scramble antisense strand =
5-p-AGU UCU UCU CGU CGA AGG ACG-3'; p = phosphate; (-) = single value not attainable;

n.d. = not determined.

The Western blot in Figure 4.2 was performed by Dr. Phuong Le to compare the function
of unmodified DO with modified oligonucleotides DOcy3, DOcy5, and DOcy3/5, described in
Chapter 3. DO is identical in sequence to siRNAs DOcy3, DOcy5, and DOcy3/5, but does not
contain any cyanine dye. Immunoblotting revealed that downregulation of both closely-spaced
isoforms of DRR (seen as two close moving bands in Figure 4.2) is strongest for DO, while
downregulation does not occur with the two SiRNAs conjugated to a 3'-cyanine-5 on the
antisense strand (DOcy5 and DOcy3/5). This could be explained by the fact that a 3'-2-nt
overhang on the antisense strand is instrumental in maintaining antisense strand potency,*® and

the conjugation of a fluorophore at that position compromises its recognition by RISC. There is
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also no appreciable downregulation of DRR with siRNA DOcy3 labeled with a cyanine-3 at the
5'-end of the sense strand. The importance of a canonical 5-end on the sense strand of siRNA is
supported in the literature by the many examples of siRNAs conjugated at the 5'-end of their

17.18,19,202122.23.24 |y contrast, there are

sense strands with moieties whose linkers are cleavable.
plenty of examples of siRNAs conjugated at the 3'-end of their sense strands with moieties
whose linkers are non-cleavable.”?*?" Therefore, none of the sense strands of the siRNAs in
Table 4.1 are conjugated to a fluorophore at their 5'-end, and none of the antisense strands of

those siRNAs are conjugated to a fluorophore at their 3'- or 5'-end.

Y transfection agent full transfection agent

DOcy3 DOcy5 DOcy3/5 DO DOcy3 DOcy5 DOcy3/5 DO
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Figure 4.2. A comparison of DRR downregulation among fluorophore-labeled siRNAs
and their unlabeled version DO reveals that the labeled siRNAs are not able to cause an
appreciable amount of silencing after 72 hours. This is true when using the full standard

amount of Lipofectamine™ 2000, or when using one half that amount.

4.2.2. B-Cell Lymphoma 2

The B-cell lymphoma 2 gene (bcl-2) plays an important role in the growth of cancerous
tumors from blood cells (lymphomas) through the regulation of apoptosis. Apoptosis is the
process of programmed cellular death, an essential process for the maintenance of the body’s
population of healthy cells. When a cell reaches the end of its life cycle or is mutated or
damaged, apoptosis is triggered. Unfortunately, cancer cells with upregulated bcl-2 transcripts
are able to avoid this process through suppression of the apoptotic pathway. As a result,
suppression of bcl-2 is an attractive method for reestablishing apoptosis in cancer cells. An
active siRNA against bcl-2 has been identified to target bcl-2 mRNA (NCBI accession number:
NM_000633.2) in its open-reading frame in the 1107 to 1127 coding region,”® whose sequence
was used to synthesize siRNA conjugates B0O-B6 in Table 4.2. A non-targeting siRNA, BO-scr,
was adapted from Felber et al.”® The modified non-targeting siRNA D3-scr was also used in

bcl-2 assays in order to test whether the modification itself causes silencing in the HCT-116 cell
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line overexpressing bcl-2. The potencies of the siRNAs were compared with quantitative

polymerase chain reaction (qPCR) in section 4.5, which measures the level of bcl-2 mRNA.

Table 4.2. The sense strands of Bcl-2-targeting siRNAs B0-B6 and non-targeting BO-scr used

for gene silencing experiments.

SiRNA Sense strand

BO 5-GCA UGC GGC CUC UGU UUG AUU-3'
B3 5-GCA UGC GGC CUC UGU UUG AUU-3'
B6 5-GCA UGC GGC CUC UGU UUG AUU-3'
BO-scr 5'-UAG CGA CUA AAC ACA UCA AUU-3

Legend: U = 2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine;
antisense strand = 5-p-UCA AAC AGA GGC CGC AUG CUU-3'; scramble antisense strand =
5-UUG AUG UGU UUA GUC GCU AUU-3; p = phosphate.

4.3. The Potencies of DRR-Targeting Conjugates Vary with Experimental Conditions
4.3.1. Western Blots

As our primary goal in synthesizing siRNA conjugates is to find those demonstrating
improved cellular uptake, Western blots were performed with glial cells in reduced-serum
medium and a non-toxic siRNA concentration of 20 nM, a slightly toxic siRNA concentration of
80 nM, and varying amounts of transfection agent Lipofectamine™ 2000. Initially, this allowed
us to observe whether there was any appreciable amount of DRR downregulation possible with
20 nM of the conjugates, at any greatly reduced amount of transfection agent, before we could
gauge how many more modifications were needed to produce a self-delivering functional
SiRNA. The Western blots in Figure 4.3 were done by Dr. Phuong Le in the Petrecca lab. They
show that in order to cause appreciable silencing using 20 nM siRNA, 25% of the standard
amount of Lipofectamine™ 2000 is needed, while any less transfecting agent is ineffective. The
potency of D3 is best when one quarter of the standard amount of transfection agent is used,
while its potency is at its weakest level when one half is used. This is an interesting finding;
cellular internalization for D3 is expected to be high when using half of the standard amount of

transfection agent, based on the findings in Chapter 2 that reveal that increased cellular
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internalization is a consequence of increasing the number of 2'-N-acyl-L-phenyalanine
modifications in RNA. In fact, relatively weak DRR downregulation is observed in comparison
to unmodified siRNA for 2'-N-acyl-L-phenyalanine-modified siRNAs transfected with one half
of the standard amount of transfection agent, in all Western blots discussed in this chapter. This
may be a result of unfavorable interaction between high levels of internalized modification and

the transfection agent.

20 nM, 1/10 20 nM,1/4
None Dla D2 Db D3 Dla D2 DIb D3 pigyre 4.3 20 nM of D1-D3 requires

Tubulin “ﬂm“m. at least 1/4 of the standard amount of

3 i
o | Lipotectamine™ 2000 to cause

p——— Sp—— u’ appreciable downregulation, which

Tubulin | g

placement of modification.

80 nM, 0 20 nM,1/2

Quadrupling the concentration of naked siRNA allows for some downregulation by the
thrice-modified D3, but not for the singly-modified (Dla, D1b) or doubly-modified (D2)
siRNAs. Thus, within a range of Lipofectamine™ 2000 that allows appreciable downregulation
to occur (between one half and one quarter for this set of siRNAs), a very small amount of
Lipofectamine™ 2000 is required to demonstrate a superior potency of the conjugate D3. A
much larger amount of Lipofectamine™ 2000 is required to demonstrate a superior potency of
the unmodified siRNA or the conjugates with fewer than four modifications. This is in part an
obvious consequence of the data collected in Chapter 3; conjugates with few modifications have
poorer cellular uptake, necessitating the use of a large amount of transfection agent. Silencing
caused by D3 was thus used as a benchmark for comparing the potencies of SiRNAs with greater

than three modifications at one quarter of the standard amount of Lipofectamine™ 2000 or less.
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We next transfected glial cells, provided by the Petrecca lab, with siRNAs that contained
up to six modifications (Figure 4.4). When a quarter of the standard amount of transfection
agent was employed, the most potent SiRNA was the unmodified DO. While all of the modified,
targeting siRNAs downregulate DRR to some degree relative to the unmodified scramble and
non-transfected sample, it seems that the modification causes some decrease in potency. When
the siRNAs are transfected with one eighth the standard amount of transfection agent, the
unmodified siRNA is no longer the most potent sSiRNA. Conjugates D5, D6, and D3C appear to
exhibit a very small amount of downregulation, while conjugates D3 and D4 exhibit the
strongest downregulation when this minimal amount of transfection agent is used. This result
was expected since it was shown in Chapter 3 that increasing the number of 2'-N-acyl-L-
phenylalanine modifications in an siRNA causes an increase in cellular uptake by glial cells.
The availability of more D3 and D4 is likely due to a combination of increased serum stability of
the conjugates (since reduced amounts of transfecting agent exposes the siRNAs to nucleases), as
well as the improved ability of the conjugates to penetrate the cellular membrane. (The serum
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Figure 4.4. The top panel éhows that potency of siRNAs transfected at 20 nM with ¥4
Lipofectamine ™ 2000 is strongest for the unmodified DO, while the bottom panel shows
that potency of siRNAs transfected at 20 nM with 1/8 Lipofectamine™ 2000 is strongest
for the modified D3 and D4 conjugates.

stability of the modified sense strands is explored in section 4.6.) Conjugate D2 showed no
detectable downregulation under this condition, which was similar to the scramble DO-scr. D2
was the least-modified conjugate of those tested in Figure 4.4, thus its cellular uptake was
expected to be minimal, causing no downregulation. The uptake of DO-scr was also expected to

be minimal as it contained no modifications. D3-D6 all contain a modification at the Argonaute
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cleavage site (the tenth position from the 5-end of the antisense strand) in common. This may
have reduced their ability to downregulate DRR despite the fact that they are expected to
penetrate cells to a greater degree than all of the other siRNAs tested and the fact that they have

some improvement in nuclease stability (discussed in section 4.6).
4.3.2. Immunofluorescent Stains

In addition to Western blots of malignant glial cells transfected with one quarter and one
eighth of the standard amount of transfection agent and siRNAs D2-DO0-scr, we examined
phenotypic changes in the transfected samples. A primary monoclonal mouse antibody to
vinculin, a protein in FAs, was labeled with red fluorophore-conjugated secondary mouse
antibody. A primary monoclonal rat antibody to tubulin, a protein that makes up the eukaryotic
cytoskeleton, was labeled with green fluorophore-conjugated secondary rat antibody. Images
were captured using a confocal microscope and processed to exchange the red and green colors

for white and blue, respectively, in order to obtain higher-contrast images (Figure 4.5).

No transfection

Figure 4.5. The top panel of immunofluorescent stains was taken with the siRNAs (20 nM) indicated above
each image and ¥ of the standard amount of transfection agent, while the bottom panel of immunofluorescent
stains was taken with the siRNAs (20 nM) indicated above each image and 1/8 of the standard amount of
transfection agent. Rounded cells with strong FAs indicate DRR downregulation; spindle-like cells with

small FAs indicate little DRR downregulation. 63 x objective.
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Since exposure to Lipofectamine™ 2000 results in death of up to 30% of glial cells
(personal communication), using less Lipofectamine™ 2000 permits examination of a larger
population of cells according to their type and proportions. As expected based on the strong
DRR expression shown in Figure 4.4, there was no difference in cellular morphology seen in
Figure 4.5 between cells transfected with scramble RNA and cells that were not transfected.
Both samples were uniformly elongated as either spindle-like or stretched cells, and neither
population contained cells with more than the few FAs at the ends of
anchor points. The top panel of images in Figure 4.5 reveals a few
examples of perfectly round cells with strong FAs around the entire

perimeter with siRNAs D3, D6, and D3C. However, these cells are

mixed with spindle-like cells, resulting in the moderate DRR

£ Bl downregulation seen in Figure 4.4. The image of cells transfected with
Figure 4.6. A cell

transfected with 20
nM DO and Y4
transfection agent

unmodified DO siRNA in the top panel of Figure 4.5 represents the
generally uniform sample of many plumper cells with some very large
FAs around the perimeter. A larger version of this image is shown in
Figure 4.6 in order to illustrate the impressive size of some of the

has very large FAs. sample’s FAs.

63 X objective.
In the images collected at 1/8 the standard amount of

Lipofectamine™ 2000 (Figure 4.5, bottom panel), perfectly rounded cells with FAs around the
entire perimeter are detectable in the D3 and D4 samples. Some nicely rounded and anchored
cells are seen in the D6 sample, but are harder to find, despite the fact that this conjugate enters
cells best (Chapter 3). There were essentially no rounded cells or strong FAs observed in the D2
sample under this condition, most likely due to low potency derived from insufficient uptake of
the minimally modified conjugate. Nonetheless, D3, D4, D6, and D3C samples have provided
images of cells with round shape and strong FAs around the full perimeter, while D5 does not
provide any ideal cells under either condition. This must be due to more than the fact that it is
modified at the tenth position of the antisense strand. As D3, D4, and D6 are also modified at
this position, this issue with D5 may be due to unexpected secondary structures of the antisense

strand, reducing its availability for RNA interference.
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4.3.3. Tumor Spheroids

McGill University researchers at the Montreal Neurological Institute developed a method
for growing invasive gliomas in a spheroid suspended in growth medium, allowing a 3D
reconstruction of microenvironments in the massive tumor spheroid.®*® The Petrecca lab has
utilized the hanging-drop method to capture the most invasive cells that emanate from tumor
spheroids to characterize their genetic profile as overexpressing drr.** These cells are deemed
DRR+, while the cells remaining in the spheroid are wild-type, or non-invasive (Figure 4.7).
These tumor spheroids can also be used to compare the distance DRR+ cells travel from the non-
invasive tumor mass when transfected with 20 nM of our siRNA conjugates D1-D3. The

invasion assays were performed by Dr. Phuong Le in the Petrecca lab.

The total diameter of the spheroids and their DRR+ invasion front (distance A in Figure
4.8) is a combination of wild-type spheroid diameter (B) and invasion distance from the wild-
type spheroid (A-B). As expected, the overall diameter A of the sample increases over time due
to two factors: 1) Cells are dividing and growing in the non-
invasive spheroid and; 2) invasive cells are moving farther into
the growth medium as time passes. Figure 4.8-1 reveals that the
total spheroid diameter of the samples transfected with
conjugates D1-D3 and one half of the standard amount of
transfection agent is much smaller than the total spheroid

diameter of the untreated sample. On the other hand, the total

Figure 4.7. The cross-

spheroid diameter of the samples transfected with conjugates

. section of a tumor spheroid’s
D1-D3 and one quarter of the standard amount of transfection P

. - DRR+ invasion front is
agent is smaller than the total spheroid diameter of the untreated

. . shown by line A and that of
sample to a lesser extent (Figure 4.8-2). This is expected as a y

.. . its wild-type invasion front
reduction in the amount of transfection agent used causes an

. . L. is shown by line B.
overall reduction in the amount of nucleic acid inside the cells. y
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Figure 4.8. The distance traveled by DRR+ cells between transfections with 1) half of
the standard amount of Lipofectamine™ 2000 and 2) one quarter of that amount reveals
the simple fact that the use of more transfection agent causes a greater decrease in
invasion distance over the untreated spheroid. In panel 1), non-invasive spheroid
diameter B (inset) is shown for cells transfected with one half of the standard amount of
Lipofectamine™ 2000. n = 3

Figure 4.9-1 compares the distance that invasive cells travel from an untreated spheroid
with that of the spheroids transfected with the conjugates and a large amount of Lipofectamine™
2000 (half of the standard amount). Subtraction of non-invasive spheroid diameters in Figure 4.8
(inset) from their corresponding total spheroid diameters in Figure 4.8-1, results these invasion
distances (A-B). All of the tested conjugates reduced DRR+ invasion when compared with the
untreated spheroid. By 72 hours the tumor spheroid transfected by D3 exemplifies a lower
DRR+ invasion distance into the surrounding medium, while the DRR+ invasion distances of the
other conjugates are equal, or about equal, with D1a. By 96 hours, invasion distance is greatest
for D3, smallest for 1a, and equal for D1b and D2.

While using half of the standard amount of transfection agent showcased D3’s ability to
reduce DRR+ invasion to a greater extent than the other three conjugates, especially D1a, the
size of the wild-type spheroid transfected with a quarter of the standard amount of transfection

agent and D2 is larger at 92 hours than the sizes of the wild-type spheroids transfected with D1a
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and D1b (Figure 4.9-2). This is an indirect measure of DRR downregulation; cells are able to

divide and grow when DRR production is suppressed.

When Figure 4.9-2 distances at 96 hours are subtracted from the corresponding distances
at 96 hours in Figure 4.8-2, a trend in degree of DRR downregulation resolves to
D3>D2>D1b>D1a, with a much greater difference between D3 and D1a than that seen in Figure
4.9-1. D1la may perform worse than D1b because, while they both penetrate glial cells to the
same degree, D1a is modified at the second nucleotide of its overhang, potentially interfering

with recognition of the 5'-end of the antisense strand, especially since it is positively charged.
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Figure 4.9. In panel 1) tumor spheroids were transfected with half of the standard amount of
Lipofectamine™ 2000 and 20 nM of the conjugates, and their invasion distaces (A-B) were
compared to that of a non-transfected spheroid. In panel 2) spheroids were transfected with
one quarter of the standard amount of Lipofectamine™ 2000 and 20 nM of the conjugates,
and the size of the non-invasive spheroid diameters (B) were compared to that of a non-

transfected spheroid. n = 3

4.4. Structure-Activity Relationship Reveals the Necessity of the Benzyl Group for

Silencing under Reduced Lipofectamine™ 2000 Amounts

We next sought to understand what features of the D3 conjugate allow it to be highly
active at very low levels of Lipofectamine™ 2000. Three siRNAs equivalent to D3 but with the
2'-N-acyl-phenylalanine replaced by either a 2'-amino (D3N), 2'-N-acetyl (D3A), or 2'-N-acyl-L-
glycine (D3G) uridine (Figure 4.10) were synthesized by Dr. Ken Yamada. It was expected that
the potencies of D3N and D3A with neutral modifications would be limited by a reduction in the
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amount of Lipofectamine™ 2000 due to their predicted inability to penetrate cells. The potency
of D3G, on the other hand, was expected to be retained or possibly improve with respect to DO
due to the cationic nature of the amino acid (and the siRNA’s predicted ability to enter cells). In

fact, it was expected that D3G would enter cells equally as well as D3 if only charge mattered.
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Figure 4.10. The sense strands of sSiRNAs D3N, D3A, and D3G were modified at the 2'-

positions of their sugar moieties.

In actuality, using one eighth of the standard amount of transfection agent as opposed to
one quarter (bottom panel as opposed to top panel of Figure 4.11) allows an improvement in
potency compared to DO, while there is no such response when D3G is utilized. D3G may
slightly downregulate DRR in the top panel, but no downregulation occurs in the bottom panel.
DRR downregulation by D3N and D3A is very weak when using one quarter of the standard
amount of transfection agent, but also does not occur when using one eighth of the standard

amount of transfection agent.
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Given the increased uptake of the fluorophore-labeled D3G in comparison to
fluorophore-labeled DO (Chapter 3), D3G should penetrate cells as well as D3. Therefore, the

lack of observed downregulation for each of the analogues when using one eighth of the standard
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amount of transfection agent could be due to different reasons. D3N and D3A may not penetrate
cells well enough to cause strong DRR reduction when using either one eighth or one quarter of
the standard amount of transfection agent, while D3G may not be a good substrate of RISC.
With this knowledge, either a benzyl group or both the benzyl group and the amino group are
required for RISC activity observed for D3. If not required for silencing, the amino group may

still be required for proton-sponge-mediated endosomal rupture.
4.5. Bcl-2-Targeting Conjugates are Equally Potent

In Chapter 3 it was shown that D3 and D6 conjugates do not exhibit increased cellular
uptake in human colonic cells when an eighth of the standard amount of Lipofectamine™ 2000
is used. There is, however, some increase in internalization of the conjugates when one quarter
of the standard amount of Lipofectamine™ 2000 is used; therefore, the amounts of modified and
unmodified Bcl-2-targeting siRNA in the cells when the full amount of Lipofectamine™ 2000 is
used is not equal. It is ideal to have the same amount of siRNA inside of the cells for each
sample in order to properly compare their potencies. Nonetheless, the expression of bcl-2
mRNA was compared among colonic cells transfected with B0, B3, B6, BO-scr, and D3-scr,
using the standard amount of transfection agent (Figure 4.12) by Elena Moroz in Dr. Jean-

Christophe Leroux lab at the Swiss Federal Institute of Technology in Zurich (ETH Zurich).
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Figure 4.12. Conjugates (15 nM) were tested for silencing efficiency in human colonic
cells using the standard amount of transfection agent with no statistical difference

between the ones targeting bcl-2. «: p < 0.001 vs. medium-treated cells. n =3.
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It was found that there is significant downregulation by all three bcl-2-targeting sSiRNASs
and that there is no statistical difference between the three of them. There is no sequence-based
issue with the bcl-2-targeting conjugates that can interfere with silencing as there is no
modification at the 10" or 11™ positions of the antisense strand (the cleavage site). There is also
no complication due to the presence of the modifications as the toxicity of the conjugates is not
greater than that of the unmodified siRNA (Figure 4.13).
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Figure 4.13. Cell viability as a consequence of SiRNA concentration reveals that the

bcl-2-targeting conjugates do not cause additional cell toxicity. n = 3.

4.6. The Physical Properties of the Conjugates

As stated above, the added nuclease stability of the modified siRNAs is a compulsory
property. The digestion of the unmodified sense strand of the DRR-targeting siRNA in fetal
bovine serum (FBS) can be followed by gel electrophoresis with *?P-labeled starting material
(Figure 4.14A) or gel electrophoresis and staining with Stains-All (Figure 4.14B). Five different
FBS concentrations were employed in the digestion reaction with the unmodified 32P-labeled
sense RNA strand of the DRR-targeting siRNA (Figure 4.14A). An FBS concentration of 0.1%
slowed down the digestion so that starting material was still observed after eight minutes, but did
not slow it down so much that digestion was not observable after eight minutes. The amount of
RNA starting material and concentration of FBS were both proportionally increased to give the
stained gel in Figure 4.14B. Both the radioactive gel and the stained gel reveal that the entire

full-length sample is digested by eight minutes.
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The yellow arrows indicate digestion products from the same major cut in the full-length
RNA. This produces one major product in the radioactive gel and two major products in the
stained gel. Only one of those bands appears in the radioactive gel since one end of the strand is
radioactively labeled. A light band indicated by the black arrow in Figure 4.14A may be one of
the products of a pair of light bands indicated by a pair of black arrows in Figure 4.14B. This
may indicate another cleavage site in the RNA. Since the radioactive gels required much less
RNA for the digestion, further digestion studies were performed on radioactively labeled
modified sense strands.
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Figure 4.14. The radioactive gel A and stained gel B of the FBS-digested sense strand of
DO is completely digested by eight minutes.

The sense strands of conjugates D3-D6 and D3C were digested in FBS in order to
illustrate any resistance to the combination of endo- and exonucleases present in the extract, and
thus the rough estimate of the time required to digest the full-length oligonucleotide in
comparison to the unmodified strand (Figure 4.15). Pyrimidine positions are particularly
susceptible to endonuclease cleavage, and hence we expected to observe enhanced resistance of
modified strands compared to the unmodified strand. Appreciable detection of full-length
oligonucleotide is observed for both D6 and D3C after eight minutes of incubation, while full-
length D3 is not detected at this time. These differences in resistance may be due to the position
of modification in the RNA. For example, a middle spot indicated by a black arrows in Figure
4.15 is detected for the D3, D4 samples, but never for the D5, D6, and D3C samples, which may
be a result of their common modification on cytidine at position 11 (from the 5-end). The
potential cleavage site in D3 and D4 sense strands that is vulnerable to digestion is not a
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cleavage site in the D5, D6, and D3C sense strands. In addition, the three cytidine modifications
common to D6 and D3C may be more influential for nuclease stability than any other

combination of modifications.

2min 4 min 8 min o

O S
D3 D4 D5 D6 D3C D3 D4 D5 D6 D3C D3 D4 D5 D6 D3Cc © <

Figure 4.15. The digestion of the 3P-labeled sense strands of the conjugates over eight

minutes reveals the improved nuclease stability of the modified oligonucleotides.

The bcl-2-targeting siRNAs B0, B3, and B6, and scrambles
BO-scr and D3-scr were run on a native 20% polyacrylamide gel by
Elena Moroz (Figure 4.16). As expected, the retention of the
conjugates increases proportionally to the number of modifications.
It is expected that this would occurs due to the modifications
reducing the overall negative character of the oligonucleotide, thus

reducing its attraction to the positively-charged end of the gel. This

expected effect cannot be confirmed, however, as it cannot act in

Figure 4.16.
Polyacrylamide gel
of siRNAs used in

bcl-2 assays.

isolation; the concomitant addition of greater mass to the RNAs
with more modifications increases the mass-to-charge ratio, thus
causing RNA retention.
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The modifications also increase the lipophilicity of the sense strands of DRR-targeting
D1-D6 over the sense strands of DRR-targeting D3N, D3A, and D3G, as judged by the elution
time of the strands during hot (65°C) reverse-phase HPLC with a 0-30% MeCN gradient over 30
minutes (tabulated by Dr. Ken Yamada in Figure 4.17). As expected, the sense strands of D3N,
D3A, and D3G are the most polar (dark grey bars) since they lack the nonpolar R group of the
phenylalanine moiety. All of the phenylalanine-modified oligonucleotides (light grey bars) are
more retained than D3N, D3A, and D3G. The retention time generally increases with the
number of modifications, with D6 being the most polar of the phenylalanine-modified
oligonucleotides. In fact, the phenylalanine-modified oligonucleotides do not dissolve well in
water. This is particularly true for the sense strand of D6. In order to load the conjugates onto
the HPLC column, they were first dissolved in water spiked with 40 microliters of 2.0 M
triethylammonium acetate. It is noteworthy that the sense strand of Dla, and by extension its
SiRNA duplex, is more lipophilic than the sense strand of D1b. While D1a duplex should have
better cellular uptake properties than D1b duplex, the evidence described in this chapter indicates
that D1b is more potent at low levels of Lipofectamine™ 2000. Since the modification is
thermally destabilizing in the middle of the duplex but has minimal impact in the overhang, it

likely increases potency of D1b over D1a by destabilizing the 5'-end of the antisense strand.

Percent acetonitrile

Dla Dib D2 D3 D4 D5 D6 D3C D3N D3A D3G

Figure 4.17. The RP-HPLC retention times of the sense strands of the indicated sSiRNA

conjugates generally increase with increasing number of phenylalanine modifications.
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The difference in thermal melting temperature (Tr,) of the DRR-targeting conjugates to
their corresponding siRNAs with one less modification reveals that the average change in T, for
each internal modification is -5.5°C (Table 4.3). In the case of D6, this value was calculated
from the T, of D4 and divided by two since D5 did not produce a T, with a single inflection
point (indicating possible secondary structure). The range in ATy, per internal modification is
considerable (-6.3 to -4.1°C). Although a statistical method has not been applied, a closer look at
ATm/modinemar 1N relation to the placement of the modifications may indicate that the difference
in the change of Ty/modinema (AATm/MOodinema) May be significantly less destabilizing when
modifications are placed consecutively in the duplex. The change in ATy/MOdinternar iN going
from D3 to D4 is 1.7 degrees less destabilizing (+1.7 °C) than that of going from D2 to D3 (-5.8
°C). This may be due to the fact that the fourth modification in the sense strand occurs next to
another, while all of the modifications in the sense strand of D3 are spaced out. The calculations
per modification for D6 are averaged over the two modifications added in D4, however this
possible trend in T, based on modification placement may very well still hold up. The AT/mod
for D6 is the second lowest value (after that of D4) for the conjugates with internal
modifications. That is likely due to the fact that it is a combination of the expected strong
destabilization of the modification at the sixth position and the weaker-than-average
destabilization of the modification next to another. The well-spaced modifications of D3C are

strongly destabilizing (AT/mod = -6.0 °C), also as expected.
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Table 4.3. Trends in T, depression suggest that each 2'-N-acyl-L-phenylalanine modification
depressed T, to a lesser extent when it was added to DRR-targeting RNA consecutive to another

2'-N-acyl-L-phenylalanine modification in the sequence.

siRNA ATn/mod Average ATn/MOodinternal AAT w/modinternal
(°C) (°C) (°C)

Dla -0.4%

D1b -5.6°

D2 -6.3° -0.7'

D3 5.8 +0.5¢

D4 41 e 17

D6 -5.3¢ -1.2'

D3C -6.0°

Legend: AT./mod calculated from the Ts of D0? D2°, D3¢, D4 and DO-scr®; AATw/modintermal
calculated from the AT/mod of D1b’, D39, D3", D4'.

4.7. Self-Delivering Tailed siRNAs Silence DRR

Asymmetric “shorter-duplex” siRNAs, in which 19-nt-long antisense strands are
hybridized to sense strands of shorter lengths, have been shown to efficiently mediate gene

3132 Our version of

silencing as well as reduce sense strand-mediated off-target effects.
asymmetric siRNA retains the 19-base pair (bp) duplex region of conventional siRNA, but adds
a 7-nt-long tail to the 5-end of the sense strand. The cy3/cy5-labeled conjugates AOcy3/5 and
Al13cy3/5 (40 nM) first described in Chapter 3, were incubated by Dr. Phuong Le with stem cells
and DRR expression was compared to that of samples transfected with unmodified DO (20 nM)
and the full amount of transfection agent. The concentration of the tailed siRNAs was doubled
from the standard concentration of 20 nM because it was assessed in Chapter 3 (Figure 3.14) that
the uptake of 40 nM A13cy3/5 in DRR+ cells was very strong. Regardless of its increased
cellular uptake, A13cy3/5 did not cause downregulation of DRR in Figure 4.18 following 72
hours incubation. This may be due to the presence of the 5'-cy5 fluorophore on the antisense

strand. It was shown in Figure 4.2 that the presence of cy5 on the 3'-terminus of the antisense
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strand of sSiRNA impedes the silencing of DRR. A cy5 at the 5'-position of the antisense strand

may impede the phosphorylation of the 5'-terminus, which is required for guide strand selection.

On the other hand, the long sense strand is a worse guide strand for RISC-mediated RNA
interference, favouring the loading of the antisense strand as the guide strand. SOX2, an
important transcription factor in the maintenance of stem cell pluripotency, is not downregulated
by Al13cy3/5 after both 24 hours and 72 hours, while DRR is in fact downregulated after 24
hours incubation (Figure 4.18). DO, on the other hand, causes strong DRR and SOX2 silencing
24 hours after transfection, and is potent enough to continue to downregulate even after 72 hours.
It also may be so potent that its initial concentration in the cell is strong enough to saturate the

RISC machinery and allow the leftover RNA to cause off-target effects.

In order to determine whether there is any improvement in potency of the amino acid-
modified tailed sSiRNA when the 5'-cy3 is removed from the antisense strand, the sense strands of
AOcy3/5 and Al3cy3/5 conjugates were hybridized to the same unmodified antisense strand as
that used in DO. As a result, the siRNAs AOcy5 and Al3cy5 in Table 4.4 contain a 3'-cy5

fluorophore.

o 72 hr 24 hr
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Figure 4.18. Reduction in DRR and SOX2 expression in stem cells by asymmetric
siRNAs and canonical siRNA after 72 and 24 hours suggests different silencing kinetics

by the two types of sSiRNAs.
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Table 4.4. Asymmetric tailed SiRNAs were employed for DRR silencing assays.

SIRNA Sequence

AOcy5 5'-UsUsUs UsUsUs UsGA ACC AGC UCA UCA AGA AUU-cy5-3
3-UU CCU UGG UCG AGU AGU UCU U-p-5'

Al3cy5 5'- UsUsUs UsUsUs UsGA ACC AGC UCA UCA AGA AUU-cy5-3'
3-UU CCU UGG UCG AGU AGU UCU U-p-5'

Legend: U = 2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine; s =

phosphorothioate; p = phosphate. Sequence: sense strand on top; antisense strand on bottom.

Their ability to cause phenotypic changes in DRR+ cells after 72 hours without the aid of
transfection agent was observed and compared to DRR+ cells transfected with DO and D3-scr,
and the full amount of transfection agent (Figure 4.19). The immunofluorescent stain was
performed by Dr. Phuong Le. These genetically engineered cells express red fluorescent DRR,
therefore allowing DRR expression to be qualitatively assessed by DRR fluorescence as well as
FA size and cell shape. The cells were plated on fibronectin plates, allowing the formation of
FAs in serum-free medium. Judging by the round cell in the DO sample, DRR silencing is
strongest in the sample transfected with DO, however all of the cells displayed in the sample
incubated with Al3cy5 have a low intensity of red fluorescent DRR, indicating consistent
moderate reduction in DRR levels. Some medium-sized focal adhesions were also observed in
the Al3cy5 sample. In contrast, the sample incubated with AOcy5 contains no fluorophore
inside the cells, and therefore no siRNA. As a result, FAs are all small and DRR expression is
strong. Modification itself does not cause downregulation, as DRR expression is strong in the

sample transfected with the modified scramble D3-scr.

AOcy5 and A13cy5 (40 nM) were incubated naked with DRR+ cells and their ability to
downregulate DRR was assessed after 72 and 96 hours (Figure 4.20). After 72 hours, A13cy5
causes a slight decrease in DRR, while no decrease is detected by AOcy5. After 92 hours, the
decrease in DRR caused by A13cy5 is drastic. Densitometry of the Western blot revealed that
there is 55% and 78% less DRR expressed by cells treated with A13cy5 compared to those
treated with AOcy5 after 72 hours and 96 hours, respectively.
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Figure 4.19. Asymmetric SiRNAs AOcy5 and Al13cy5 (40 nM) were incubated naked
with DRR+ cells, while modified scramble D3-scr and unmodified siRNA DO (20 nM)

were transfected into DRR+ cells. 63 x objective.
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Figure 4.20. Reduction in DRR expression in glial cells by asymmetric siRNAs and

canonical siRNA after 72 and 96 hours suggests slow silencing kinetics by A13cy5.
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4.8. Conclusion

An indirect method for the development of self-delivering siRNA was utilized as a
complement to the flow cytometric method employed in Chapter 2. DRR-targeting siRNAs
containing one to six internal 2'-N-acyl-L-phenylalanine uridine and cytidine modifications were
synthesized and assayed for their ability to cause gene silencing. Qualitative analysis of Western
blots and immunofluorescent stains of the transfected cells revealed that when one eighth of the
standard amount of transfection agent was used, siRNAs with three to four modifications were
more potent than the unmodified siRNA. This was a result of the improved ability of the
conjugates to enter cells (Chapter 3), and possibly due to a lack of modification at the RISC
cleavage position; conjugates with five and six internal modifications, including one at the
cleavage site, were not potent despite their ability to enter cells more easily than the other
conjugates studied. A total of thirteen 2'-N-acyl-L-phenylalanine modifications were then
incorporated into SIRNAs containing a phosphorothioate tail at the 5'-end of the sense strand.
Western blots revealed that modification of the internal positions as well as the tail with 2'-N-
acyl-L-phenylalanine uridine and cytidine residues resulted in potent DRR downregulation

without the use of transfection agent

A second endogenous target was successfully silenced: The potencies of bcl-2-targeting
siRNAs containing three and six internal modifications were measured by gPCR after
transfection with the full standard amount of transfection agent and there was no statistical
difference between the siRNAs. Favorable characteristics such as increased nuclease resistance
and a more lipophilic RNA as a result of incorporation of a stable version of the 2'-O-
phenylalanine acetal ester provides great incentive to develop siRNA prodrugs based on 2'-O-
AAEs. A reduction in potency of the conjugates when a large amount of unmodified sample is

transfected provides even more incentive to develop proRNA with this biolabile feature.
4.9. Experimental Methods
4.9.1. Oligonucleotide Preparation

Oligonucleotides were synthesized on UnyLinker™ CPG (500 A) with an Applied
Biosystems DNA/RNA 3400 Synthesizer. Standard phosphoramidites were purchased from

ChemGenes Corporation (Wilmington, MA) and dissolved in MeCN to a concentration of 0.15
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M. Synthesized phosphoramidites with 2'-N-acyl-L-phenylalanine modification were dissolved
to a concentration of 0.12 M in DMSO/MeCN/CH,Cl, (1:5:5 v/viv). Coupling times for
thymidine and uridine were 600 sec, while coupling time was 1200 sec for the modified units.
Activation of phorphoramidites was achieved with standard 0.25 M ETT in MeCN. Standard
capping was performed with a CAP A solution of Ac,O/py/THF (10:10:80 v/v/v) and a CAP B
solution of 15% N-methylimidazole in THF. The oxidation solution used was standard 0.1 M I,
in py/H,O/THF (8:16:76 v/v/v). Standard 3% TCA in CH,Cl, was used for detritylation steps.
Cyanine-3 was coupled to the solid support after detritylation of the last nucleotide in the
sequence in the following manner. Cyanine-3 phosphoramidite was dissolved in MeCN to a
concentration of 0.12 M. With argon flowing through the top of the synthesis column, a 1-mL
syringe with activator solution (0.25 M ETT, 170 pL) was secured to the bottom end of the
column. The line delivering argon to the top of the column was removed and the activator was
immediately pushed through the column, followed by immediate attachment of another 1-mL
syringe containing cyanine-3 phosphoramidite (0.12 M, 170 pL) to the top of the column. The
pistons of the syringes were pushed back and forth a few times and then the column was shaken
for 15 minutes. Then the support was washed with MeCN, and oxidized and then detritylated on
the ABI Synthesizer. The same synthetic protocol was used for conjugate strands with a 3'-
cyanine-5, however succinyl-CPG derivatized with cyanine-5 was used with rA”A¢, rC”¢, and
rG"BYPAC phosphoramidites. A 5'-phosphate was coupled to the antisense strands with bis-
cyanoethyl-N,N-diisopropyl phosphoramidite dissolved in MeCN to a concentration of 0.12 M.

The UnyLinker™ and succinyl solid supports were suspended in the standard
NH4OH/EtOH deprotection solution (1 mL, 3:1 v/v) and put on a shaker for 48 hr and 36 hr,
respectively, at r.t. to remove the nucleobase and internucleotide protecting groups, and to cleave
the support linker. After decanting and lyophilizing the supernatant, fast desilylation was
performed in NEts-3HF/NMP/NEt; (0.300 mL 1.5:0.75:1 v/v/v) at 65°C for 4 hr., after which
NaOAc (3 M, pH 5.5, 0.0025 mL) and cold 1-butanol (1 mL) were added to precipitate the
oligonucleotide. The washed and dried oligonucleotide was dissolved in water, filtered, and
purified by RP-HPLC. Crude oligonucleotide was suspended in autoclaved water. Because
much of the modified oligonucleotides did not dissolve, 20 uL of 2 M triethylammonium acetate
(TEAA) was added to dissolve the samples. A gradient of 5-40% MeCN in TEAA was used to
purify the strands.

148



Table 4.5. Exact mass values of oligonucleotides synthesized

Exact Mass Values
Oligonucleotide | Sense strand Antisense strand
Calculated Found Calculated Found
DO 6699.9612 6699.9063
Dla 6846.0464 6846.0552
Dib 6846.0464 6846.2032
D2 6992.1316 6992.1990
D3 7138.2168 7138.0938 6681.7709 6681.7188
D4 7286.3177 7286.5670
D5 7434.4186 7434.0211
D6 7582.5151 7576.3750
D3C” 7144.2639 7143.9023
DO-scr 6699.9612 6699.9618
6765.8635 6765.8929
D3-scr 7138.2168 7137.8924
BO 6639.8372 6639.8125
B3 7078.0928 7078.0938 6770.9017 6773.8856
B6 7516.3484 7516.2813
BO-scr 6644.9452 6646.9280 6705.7537 6708.7243
AOcy5 9142.3456 91449141 66817709 66817188
Al3cy5 11047.4935 11202.1119

Legend: * = Oligonucleotide sense strands synthesized by Dr. Ken Yamada using 2'-N-acyl-L-

phenylalanine cytidine phosphoramidites.

4.9.2. Thermal Melting Analysis

Thermal melting analyses were performed on a Varian CARY 300 UV-VIS
Spectrophotometer equipped with a peltier temperature controller with 2 nmol of sense and
antisense strands dissolved in 1 mL 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES)-containing buffer (0.6 M KCI, 6 uM HEPES, 1 uM MgCl,.6H,0, pH 7.4). The

duplexes were denatured by heating the mixtures to 95°C for 5 min and then letting them cool to
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r.t. slowly. Once at r.t., the samples were cooled overnight in a -20°C freezer. A denaturing and

then annealing curve was then collected at a rate of 0.4°C/min.
4.9.3. Transfections

DOcy3, DOcy5, DOcy3/5, D0-D6, D3C, D3-scr, AOcy5, and Al3cy5 were transfected
using substandard amounts of Lipofectamine™ 2000 purchased from Invitrogen (using the
manufacturer’s protocol). An aliquot of SIRNA (25 uM, 2 uL) in HEPES-containing buffer was
diluted in opti-MEM reduced serum medium (248 pL). Lipofectamine™ 2000 in opti-MEM
reduced serum medium (final volume 250 pL) was added to the siRNA solutions for an siRNA
concentration of 0.1 uM. Amounts of Lipofectamine™ 2000 were calculated based on ¥4 and
1/8 of 5 uL per well of the 6-well plates used (final volume 2 mL). Cells plated at 100,000
cells/well were transfected and incubated with the siRNA at 37°C for 18 hours in DMEM high-
glucose supplemented with 10% FBS, for a final concentration of 20 nM. AOcy5 and Al3cy5

were also incubated at 40 nM using a 4-pL aliquot of siRNA and no Lipofectamine™ 2000.
4.9.4. Western Blots

Cells were lysed with 2% SDS and the lysate (30 ulL) was separated on a 12%
polyacrylamide gel. Proteins were electrotransferred onto a nitrocellulose membrane that was
probed with rabbit anti-DRR and mouse anti-tubulin antibodies from Jackson ImmunoResearch.
All washes were done with 0.05% Tween-20/PBS while a 5% milk powder blocking solution in
1% Tween-20/PBS was used. The membranes were then stained with HRP-conjugated secondary
antibodies, also from Jackson ImmunoResearch, and an ECL plus reagent detection kit from
Pierce was then used for protein visualization on photographic film. All reagents were supplied

by the Petrecca lab.
4.9.5. Immunocytochemistry

Cells were grown on glass coverslips at a density of 50,000 cells/well, fixed with 3%
PFA, permeabilized with 0.5% Triton X-100 and blocked with 0.5% BSA solution. Coverslips
were incubated with primary antibody mouse anti-vinculin (1:200) for staining focal adhesions,
purchased from Sigma by the Petrecca lab, and with primary antibody rat anti-microtubulin
(1:300), purchased from Chemicon by the Petrecca lab. This was followed by incubation with
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anti-mouse secondary antibody (1:1000) conjugated to Alexa 594, purchased from Invitrogen by
the Petrecca lab, and then anti-rat secondary antibody (1:1000) conjugated to Alexa 488. Cells
were visualized with a Zeiss 510 confocal microscope (63 x objective) in the Petrecca lab. LSM

Image Browser software was used to change the colors of the image components.
4.9.6. Invasion Assays

The invasion assays were performed by Dr. Phuong Le at the Montreal Neurological
Institute. Tumor spheroids were created using the hanging drop method and implanted in a
collagen type 1 matrix according to Werbowetski-Ogilvie et al.** Images were taken after 0, 24,
48, 72, and 96 hr. The extreme diameter of the spheroids at time zero was subtracted from the
extreme diameter of the spheroids at 4 different angles for each time point. The resulting
calculations for invading areas were performed in triplicates and are from 3 independent

experiments.
4.9.7. Autoradiography

Purified oligonucleotides DO, D3, D4, D5, D6, and D3C (200 pmol) were dissolved in
autoclaved H,O (12 pL) and reacted with 7-32P-ATP (5 pL) in the presence of T4 polynucleotide
kinase (PNK) (1 pL, 2000 units) and 10x PNK buffer (2 uL, 20 mM Tris-HCI, 10 mM MgCl;, 5
mM DTT, pH 7.6 at 25°C). After incubating at 37°C for 1 hr, the reaction mixture was passed
through a G-10 sephadex column (GE Healthcare) and the most radioactive fraction was diluted
in H,O. Digestions were performed in reaction mixtures incubated at 37°C with *2P-labeled
oligonucleotide (3,000 counts per minute), 1x PBS, FBS, and non-labeled pure oligonucleotide
(50 pmol) in a total volume of 10 pL.. Aliquots of 3 pL were removed after 2, 4, and 8 minutes
and combined with a mixture of formamide and bromophenol blue and xylene cyanol FF marker
dyes (5 uL) to quench the reaction. The aliquots were frozen over dry ice until the experiment
was completed, at which time they were heated to 95°C for 5 minutes before performing
analytical PAGE. The samples were loaded into a 16% polyacrylamide gel with 7 M urea and it
was run with tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer for 3 hr at 1000 V. The
gel was removed from the electrophoresis apparatus and placed in a cassette with an x-ray film.

The film was developed the following day.
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4.9.8. Bcl-2 Silencing Efficiency

The silencing efficiencies of B0, B3, B6, B0O-scr, and D3-scr RNAs were assessed by
Elena Moroz at the ETH in Zurich. HCT-116 cells were grown in DMEM supplemented with
10% FBS. RNAs were complexed with Lipofectamine™ 2000 and incubated with the cells at a
concentration of 15 nM, while no RNA was incubated with the control sample. After 5 hr, fresh
DMEM supplemented with 10% FBS replaced the older medium. The cells were then washed
with PBS after 2.5 days of incubation. Total RNA was isolated using the RNeasy Mini kit
(Absze0/Abs,zp > 1.8). Two-step quantitative real-time PCR (QRT-PCR) was used to compare the
expression levels of bcl-2 mRNA to that of internal control B-actin. In short, 1.2 pg total mRNA
was used to synthesize cDNA using high-capacity cDNA reverse transcription kit according to
the manufacturer’s protocol. qRT-PCR was then performed on a 7900HT Fast Real Time PCR
instrument (Applied Biosystems) according to the manufacturer’s protocol using Power SYBR
Green PCR Master Mix and human bcl-2 and B-actin primers. To do this, the reaction mixtures
were incubated at 50°C for 2 minutes, 95°C for 10 minutes, and then 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. The delta delta Ct (2*“") method was used to calculate relative
gene expression levels with the fluorescence threshold set to 0.4. The change in bcl-2 mRNA
level between cells treated with sSiRNAs and untreated cells is displayed in the results.

4.9.9. Cell Viability

Cell viability of HCT-116 cells was assessed by Elena Moroz at the ETH in Zurich. The
day before the experiment, cells were seeded at a density of 7 x 10° cells/well in a 96-multiwell
plate. B0, B3, and B6 siRNAs complexed in Lipofectamine™ 2000 according to the
manufacturer’s protocol were aliquoted to cells in 50 uL DMEM supplemented with 10% FBS.
The control sample was not transfected with sSiRNA. After 5 hr, the medium was exchanged for
100 uL. DMEM supplemented with 10% FBS. Cell viability was assessed with tetrazolium-
based CCK-8 reagent (Cell Counting Kit-8 from Dojindo Molecular Technologies (Rockuville,

MD)) after 1 day according to the manufacturer’s protocol.
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Chapter 5: Towards a Method for the Synthesis of proRNA

5.1. The Utility of ProRNA with 2'-O-Phenylalanine Acetal Esters

In Chapter 2, nucleoside 3'-O-phosphoramidites building blocks containing novel 2'-O-
amino acid acetal ester (2'-O-AAE) moieties based on L-alanine, L-phenylalanine, L-lysine, and
L-proline were synthesized and incorporated into oligonucleotides. Reversed-phase-high
performance liquid chromatography (RP-HPLC) purification revealed oligonucleotide products
which contained a varying number of their 2'-O-AAE modifications intact. The 2'-O-
phenylalanine acetal ester (2'-O-Phe AAE) in particular (Figure 7" Ura
5.1) was the only 2'-O-AAE of those incorporated into © 0 /©
conjugates that could be used to prepare oligonucleotides o 00 e
containing all of the inserts intact, despite the presence of o@jfo rNHs

completely hydrolyzed product in the crude mixture. Fine- Figure 5.1. The 2-O-

tuning of the steps used to prepare a 2'-O-Phe-containing ohenylalanine acetal ester

conjugate for RP-HPLC revealed no hydrolyzed oligonucleotide e
modification.
present in the crude product, with hydrolysis taking place when

the oligonucleotide was left incubating in phosphate buffered saline at 37°C (ty, = ca. 16 hr).

With the aim of improving cellular delivery of siRNAs in-mind, Chapter 3 described the
synthesis of a stable derivative of the 2'-O-Phe AAE modification, namely 2'-N-acyl-
phenylalanine, and an assessment of its ability to increase cellular uptake of siRNA. In Chapter
4 we combined this property of 2'-N-acyl-phenylalanine with the ability of sSiRNA containing 2'-
N-acyl-phenylalanine modifications to silence endogenous genes, in a self-delivering siRNA.
Replacing the 2'-N-acyl-phenylalanine modification of the self-delivering construct with the 2'-
O-Phe AAE promoiety could deliver siRNAs with uncompromised potency as the modification
is expected to enhance cellular penetration and then be removed in the cell prior to silencing.
The most difficult part of this strategy is the release of mixed base, 2'-O-Phe AAE-modified
oligonucleotides intact from the solid support. Towards this goal, we describe below a
photocleavable solid support linker and protecting group strategies that may be useful in the
synthesis and release of proRNA of mixed based composition.
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5.2. Established Protocols to Synthesize ProRNA

5.2.1. ProRNA with Backbone Promoieties

Ng Base
(0]
/\ 0] F/OMe
S O—I|3=O
@) o) Base
(0]
(I) OH

O_T:O

Figure 5.2. The tert-Bu-
SATE promoiety was
incorporated into SiRNNs by

Dowdy and coworkers.?

The S-acyl-2-thioethyl (SATE) biolabile
internucleotide modification is the backbone promoiety that
has progressed farthest in its use as a precursor to active
SiRNA. Its incorporation into a poly-thymidine
oligonucleotide was done on photocleavable controlled pore
glass (CPG) solid support and did not require nucleobase
protecting groups." When incorporated into a mixed-base
short interfering ribonucleic neutral (SiRNN, Figure 5.2),
synthesis was done an orthogonal solid support not requiring a
nucleophile for cleavage;® the hydroquinone-O,0'-diacetic
acid (“Q-linker”, Figure 5.3) is cleaved very quickly with
fluoride ion in the form of triethylamine trihydrofluoride
(NEts-3HF).? The nucleobases were protected with

phenoxyacetyl (PAC)-based groups (Figure 1.16D), which were removed in 4 hours with 10%

diisopropylamine in methanol.> This mild nucleobase

deprotection solution, as well as the exclusive use of DMTrO Thy
o)
2'-O-methyl and 2'-fluoro modifications on purine and k ;

pyrimidine  phosphoramidites,

. o}
respectively, were

)\/O
. : . . o)
useful in preventing base-mediated phosphotriester \©\ H
o/\[( NMO
o)

cleavage of SATE phosphoramidites.? Hence, a

limitation of this approach is that the 2'-hydroxyl

group of ribonucleotides containing a vicinal 3'-

phosphotriester, such as the SATE promoiety, must be

Figure 5.3. The Q-linker was
developed by Pon et al. for rapid

oligonucleotide release.’

permanently modified (2'-OMe, 2'-F) in order to avoid

phosphotriester cleavage during deprotection of the

oligonucleotide.

Given the instability of the 2'-O-Phe AAE moiety in the presence of aqueous solvents, the

use of fluoride ions to cleave the oligonucleotide from the solid support is not desirable for our
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purposes. It requires precipitation of the crude oligonucleotide product from butanol spiked with
sodium acetate buffer to remove fluoride ions. This precipitation is expected to cause cleavage
of the 2'-O-Phe AAE moiety.

5.2.2. ProRNA with Sugar Promoieties

Solid-supported synthesis of RNA with reducible 2'-disulfide groups (Figure 1.17D) is
simple, since the RNA skeleton can be grown with standard phosphoramidites and the disulfide
bonds can be added after chain elongation.® The solid-supported synthesis of RNA with
esterase-labile 2'-O-acetal esters, on the other hand, has employed the use of non-standard RNA

synthons and deprotection conditions.

In the first demonstration of RNAI achieved by proRNA containing sugar promoieties at
the 2'-position, the Debart group synthesized phosphoramidites protected at their exocyclic
amines with acid-labile 4,4'-dimethoxytrityl (DMTr) for riboguanosine and a silyl-based
protecting group (Figure 1.16F) for adenosine and cytosine monomers.> The DMTr group on
guanosines was removed during the detritylation steps of oligonucleotide synthesis, however the
free amine was deemed not nucleophilic enough to cause issues with oligonucleotide synthesis.”
Each nucleotide was synthesized with 2'-O-pivaloyloxymethyl (pivOM) (Figure 1.17A) and 2’-
O-tert-butyldimethylsilyl (TBDMS) groups.®

Strong base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was used to eliminate cyanoethyl
groups on the phosphotriesters and fluoride ion was used to cleave the Q-linker of the solid
support as well as the nucleobase protecting groups of adenosine and cytosine.® As with
Dowdy’s siRNNs, the final step in deprotection of these proRNAs required precipitation from
butanol spiked with 3 M sodium acetate (pH 5.5). An alternative reagent for quickly cleaving
the Q-linker, dry tert-butylamine in tetrahydrofuran (THF), has been used by the Debart lab to
cleave the oligonucleotide from the solid support as well as selectively cleave all 2'-hydroxyls
protected with 2'-O-propionyloxymethyl (prOM), leaving behind only the more stable 2'-O-
pivOM groups.® This was done after deprotection of PAC-based and acetyl protecting groups on
the nucleobases of ribonucleotides in the proRNA, as well as their cyanoethyl groups, with DBU
in acetonitrile (MeCN).°
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There are some details in the synthetic protocols of sugar-modified proRNA described in
the literature that are not amenable to the synthesis of proRNA containing 2'-O-Phe AAEs.
Given the instability of 2'-O-Phe AAE in aqueous solvent, the aqueous butanol precipitation
performed in order to free the oligonucleotide from fluoride ions is not an ideal step in the
deprotection of proRNA containing 2'-O-Phe AAEs. Precipitation can be avoided immediately
after linker cleavage if instead the Q-linker is deprotected with dry tert-butylamine in THF.
However, the 2'-O-TBDMS moieties would then require desilylation with NEt;-3HF, and thus
precipitation of the crude mixture to remove fluoride ion. We did not plan on using an
alternative 2'-protecting group that is cleavable by orthogonal conditions for the synthesis of
proRNA based on N-FMOC-protected phosphoramidites discussed in section 5.3, in order to
avoid using a protecting group that has not yet been tested with the 2'-O-phenylalanine acetal
ester (Chapter 1) or the 2'-N-acyl-L-phenylalanine modification (Chapter 3-4). The permanent
2'-fluoro and 2'-O-methyl modifications do not require deprotection; however, their potential to
negatively affect cellular delivery when used in combination with the promoiety (suggested by
the results of combining 2'-fluoro RNA with 2'-N-acyl-L-phenylalanine in section 3.6) also
dissuaded our efforts to synthesize proRNA with 2'-O-Phe AAEs.

The Debart group has also utilized a phosphoramidate linker to CPG solid support
(Scheme 5.1) which wupon treatment with DBU in MeCN generated a monoester
phosphoramidate’ that was cleaved by aqueous acetic acid,® thus avoiding the use of Q-linker or
UnyLinker™. The cyanoethyl deprotection with DBU, however, would also cleave the FMOC
groups on the 2'-O-AAEs, making the moieties susceptible to hydrolysis in the aqueous acidic
solution. Since the amino acetal esters are sensitive to small amounts of water, the use of strong
base such as DBU is also a concern for its ability to catalyze the hydrolysis of the acetal ester in

the presence of small amounts of water.

The Debart group utilized a CPG-bound photocleavable support in their synthesis of
poly-uridines with 2'-O-acyloxymethyl and 2'-O-acylthiomethyl groups which required neither
aqueous cleavage nor oligonucleotide precipitation when it was cleaved as a final step to
oligonucleotide ~ deprotection.’ Cyanoethyl removal was also not required, as 2-
(trimethylsilyl)ethyl (TSE) phosphate protection was removed during the standard iodine
oxidation step in oligonucleotide synthesis, without any negative effect on the quality of the
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product.’ Our efforts in synthesizing proRNA also employ a photocleavable linker for the

benefits of releasing deprotected oligonucleotide as a final step.

RO Thy RO Thy RO Thy
o o °
) 0
NC ‘ NH4OH ‘ AcOH/H,0O (0]
~"o-p=0 —_— OQI?:O — p-0

% "

Scheme 5.1. An acid-cleavable phosphoramidate solid support linker was utilized by the

Oz

Debart group to synthesize oligonucleotides containing acetal esters. Adapted from reference
1.

5.3. A Proposed Method to Prepare ProRNA with 2'-O-Phenylalanine Acetal Esters

It was previously proposed by Dr. Jeremy Lackey, a former PhD student in the Damha
laboratory, that a photocleavable linker to CPG or polystyrene (PS) that branched from an
internucleotide phosphotriester would be an improvement to the photocleavable solid support
linkers reported in the literature. Indeed, CPG derivatized at the internucleotide phosphotriester
of TpT, with 3'-O-levulinyl protection on the 3'-terminal thymidine monomer, reached its
maximum oligonucleotide release more quickly than the conventional 3'-oligonucleotide-linked
photocleavable solid supports.®® This is most likely due to the fact that the negatively charged
phosphate released by photocleavage is a better leaving group than a terminal hydroxyl group of

the oligonucleotide.

Dr. Lackey’s initial attempt at synthesizing proRNA on this type of photocleavable solid
support was done with rA, rG, and rC phosphoramidites protected at their exocyclic amines with
an N-fluorenylmethoxycarbonyl (FMOC) group. This mild nucleobase protecting group was
employed in an intermediate step in the synthesis of phosphoramidites bearing N-levulinyl (N-
Lev) or N-dimethylformamidine (N-dmf) nucleobase protecting groups, and a 2'-O-acetal
levulinyl ester (2'-O-ALE) protecting group.** The 2'-O-ALE-containing phosphoramidites were
initially employed as alternative synthons in solid-supported oligonucleotide synthesis, but the
2'-O-ALE moiety was later utilized in preliminary proRNA constructs.”* The N-FMOC-
protected intermediates in-hand were thus utilized to synthesize phosphoramidites containing
standard 2'-O-TBDMS and 5'-O-DMTr protecting groups.
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Standard solid-phase synthesis conditions were used for the oligonucleotide synthesis of
preliminary RNA, including standard acetic anhydride (Ac,0) capping reagent. Deprotection of
the synthesized oligonucleotide was first done with overnight exposure to a 3:2 (v:v) solution of
MeCN:NEt; to simultaneously remove the FMOC and cyanoethyl groups. Fast desilylation was
then done with NEt3-3HF/N-methyl pyrrolidinone/NEt; at 65°C. The last performed step was a
quick photolysis in MeCN with 1% diisopropylethylamine (DIPEA) to release the
oligonucleotide from the solid support. Unfortunately, the synthesis of a mixed-base 22-mer
proRNA resulted in a broad peak in the RP-HPLC chromatogram and no mass corresponding to

the desired prodrug was found.™*

e e
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Scheme 5.2. A possible deprotection procedure for proRNA containing 2'-O-Phe AAEs begins
with A) removal of phosphotriester and nucleobase protection with triethylamine, then
includes B) desilylation with standard NEts-3HF desilylating solution, and ends with C)
photocleavage of the phosphotriester linker to the solid support.

We used the basis of this protocol to begin our investigation into any issues that were
preventing synthesis of a mass-characterized proRNA. This was necessary in order to employ an
appropriate protocol to synthesize proRNA containing 2'-O-Phe AAEs. Scheme 5.2 illustrates
the FMOC-protected nucleic acid residues that will be used in our initial attempts at RNA
synthesis and the derivatized solid polymer support (PS) that will be used in order to maintain
the release of a fully deprotected nucleic acid as the final step in oligonucleotide deprotection.

(Note: CPG reacts with fluoride ions.) The 2'-O-Phe AAE uridine monomer shown in Scheme
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5.2 can be incorporated in this deprotection scheme with the pictured monomers once the

requirements for the use of the FMOC phosphoramidites are determined.
5.3.1. Synthesis of N-FMOC Monomers

The synthesis of the ribocytidine monomer was done using commercially available
cytidine 3'-O-phosphoramidite with standard N-acetyl nucleobase protection (Scheme 5.3). The
phosphoramidite 1 was dissolved in THF and a 1:1 solution of aqueous ammonia (NH,OH) and
methylamine (MeNH.) in ethanol (EtOH) was added according to Ohkubo et al.*> The product 2
was obtained in quantitative yield and FMOCCI was coupled to the nucleobase dissolved in THF
in the presence of DIPEA™  vyielding 60% of the product 3.

NHAc NH, NHFMOC
[ B [
DMTrO N0 DMTrO N o DMTrO N0
o)
MeNH,/EtOH © FMOCCI, DIPEA ©
NH,OH THF
.0 OTBDMS THF 60%
N P o NG ~OspO  OTBDMS b NG~ O-p O OTBDMS
p | |
N(iPr)2 N(iPr), N(iPr),
1 2 3

Scheme 5.3. Cytidine N-FMOC-protected phosphoramidite 3 was synthesized in two steps

from commercially available compound 1.

FMOC

HO HO Base™O0C DMTrO B
o Base 1.TMSCL. w(o ase w(o ase
FMOCCI, py 9 DMTrCI 9
2. H,0 [ [ AgNO,, [ [
OH OH : OH OH 9 by OH OH
4a-b 5a-b 6a-b

B: (a) Ade, 5a 81%, 6a 90%; (b) Gua, 5b 75%, 6b 89%

Scheme 5.4. The synthesis of base-protected adenosine and guanosine was accomplished
with the Jones method.

The synthesis of the adenosine and guanosine monomers was initiated by
fluorenylmethoxycarbonylation of the nucleoside transiently per-silylated by the standard Jones
method (Scheme 5.4).* After coupling chlorotrimethylsilane (TMSCI) to the free hydroxyl
groups of the nucleosides 4a and 4b, FMOCCI was coupled to the nucleobase. Standard

cleavage of trimethylsilyl (TMS) ethers is done in a few minutes with aqueous ammonia.*®
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However, attempting to remove the TMS groups on per-silylated guanosine using an aqueous
ammonia workup removed the FMOC group in addition to the TMS groups. Thus, a slower
approach to one-pot FMOC installation and TMS removal was employed in which no base was
needed; water was added at the end of the FMOC installation for the formation of slightly acidic
pyridinium cation, causing the removal of the TMS groups.™* Di-fluorenylmethoxycarbonylation
was not observed on adenosine 5a (nor guanosine 5b), in contrast to di-benzoylation often
observed with adenosine, likely due to the steric clash of two large FMOC groups. Standard
dimethoxytritylation was accomplished with DMTrCI and pyridine to yield compounds 6a and
6b.

Next, a few different conditions™ for installing the standard 2'-O-TBDMS group were
employed on 6a and 6b and the yields of the products shown in Scheme 5.5 are listed in Table
5.1. Using imidazole in a 1:1 ratio with TBDMSCI in dimethylformamide (DMF) yielded 36%
of the 2'-regioisomer 7a with no 3'-regioisomer or bis-silylated product 8a. As expected, this
reaction condition caused almost complete removal of the FMOC group in the case of 6b due to
the basicity of imidazole. This discrepancy is likely due to the fact that the pK, of the FMOC-
protected exocyclic amine of guanosine is 2.1 while that of adenosine is 3.55,'° making
guanosine the better leaving group in the B-elimination reaction that leads to FMOC cleavage.
An activator of TBDMSCI, silver nitrate (AgNQO3), was employed as an alternative to imidazole.
Using THF as a solvent and a few equivalents of pyridine (py), guanosine derivative 6b was
silylated at the 2'-position to give product 7b in slight excess of the 3'-position product 8b,
however the overall yields of both were very poor. Silylation of 6b dissolved in py using AgNOs
as an activator improved the overall yield of 7b, in comparison to the use of THF as a solvent for
6b, as well as its regioisomeric excess over 8b. The yields of the adenosine derivatives 7a and
8a were both higher when using py as a solvent and two equivalents of AgNO3z; and TBDMSCI
than the yield of 7a when using DMF and imidazole. The yields of 7a and 8a were also equal as
expected, since two equivalents of TBDMSCI were used in the reaction. The yields show that
the use of AgNOg activator in py is also a suitable condition for the silylation of the adenosine

nucleoside.
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Scheme 5.5. The silylation of adenosine and guanosine nucleosides was done under different

conditions.

Table 5.1. Several reaction conditions were employed for the silylation of riboadenosine and

riboguanosine nucleosides.

_ Yield (%)
Reaction components
7a 8a b 8b
TBDMSCI, imidazole, DMF 36 0 4 0
TBDMSCI, AgNOs, py, THF 13 9
TBDMSCI, AgNOs3, py 43 43 22 5

Standard phosphitylation conditions were used to obtain the phosphoramidites 9a-b
(Scheme 5.6). The adenosine Rp and Sp diasterioisomers were clearly resolved on TLC with
various eluents such as methanol/dichloromethane (CH,CI,), hexanes/ethyl acetate (EtOAc) and
acetone/CH,Cl,.

DMTrO Base™O0C DMTrO BaseMOC

o CNEP(iPr),C, o]
THF, DIPEA

OH OTBDMS OTBDMS
NGO p0

I
N(iPr),
Ta-b 9a-b

B: (a) Ade, 9a 79%; (b) Gua, 9b 55%
Scheme 5.6. Phosphitylation of N-FMOC-protected monomers proceeds by standard

conditions.
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5.3.2. Derivatization of Solid Support with Photocleavable Linker

Both a UpU and TpT phosphoramidite dimer were synthesized from monomers prepared
with simple hydroxyl protection and deprotection chemistry and an N,N,N,N-tetraisopropyl
chlorophosphite coupled to the 3'-hydroxyl of one of the monomers (Scheme 5.7). Bis-amidites
13 and 18 were coupled to monomers 15 and 19, respectively, using different reaction
conditions. Standard oligonucleotide activator 5-ethylthiotetrazole (ETT) was employed in 25-
fold excess equivalents for the synthesis of dimer 16 and in a 1:1 ratio for the synthesis of dimer
20. Solid support 21, provided by Dr. Richard Johnsson, was then added to the solution
containing dimer 16 and stirred overnight, while dimer 20 was isolated, characterized, and then
manually coupled to the support in an ABI synthesizer column in 15 minutes using 1.5
equivalents of ETT. No trityl color was observed upon detritylation of the support that was
reacted with 16, while the loading of the support derivatized with 20 was 36.8 pumol/g. These
supports were used to synthesize oligonucleotides in section 5.4.
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Scheme 5.7. UpU and TpT dimer phosphoramidites were synthesized and coupled to a

photocleavable linker on PS solid support.
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5.4. Establishing a Method to Synthesize RNA with N-FMOC-Protected Building Blocks

In order to compare the stepwise coupling yield and overall RNA yield obtainable with
the synthesized phosphoramidites to that obtainable by the standard rA% rG™ and rC*°
phosphoramidites, a 21-mer was synthesized on UnyLinker™ CPG with the standard
phosphoramidites and the N-FMOC-protected phosphoramidites, using standard solid-phase
synthesis reagents. Fast linker cleavage was performed with agueous MeNH,. Next, fast
desilylation with a solution of NEts-3HF:dimethylsulfoxide (DMSO) (1:1 v/v) was performed at
65°C for 90 minutes. Aqueous butanol precipitation conditions were then employed and the
resulting anion exchange (IE)-HPLC chromatograms were compared in Figure 5.4. The RNA
synthesized with standard phosphoramidites (inset) yielded 101.4 crude optical density units
(ODs), while the non-standard phosphoramidites yielded 91.6 crude ODs of RNA. The purity of
the RNA prepared with standard monomers is 90.7% (determined by the area under the HPLC
peak), while that of the RNA prepared from FMOC phosphoramidites is 74.3%. The mass of the
desired RNA is confirmed in entry 1 of Table 5.2 for the purified 30-minute peak.

Time (minutes)

L

0 10 20 30 40 50 60
Time (minutes)

Figure 5.4. IE-HPLC chromatograms of the same oligonucleotide (5'-UUC UUG AUG
AGC UGG UUC CTT-3') synthesized with standard phosphoramidites (inset) and N-
FMOC-protected phosphoramidites.
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Assuming that there was no problem with the synthesis or deprotection protocol already
established, an oligonucleotide was synthesized on the UpU-derivatized photocleavable linker
16. The cyanoethyl and FMOC groups were removed with anhydrous NEts/MeCN (2:3 v/v).
Then fast desilylation was performed with NEt;-3HF/DMSO (2:1 v/v), followed by photolysis in
MeCN with 1% DIPEA. Crude mass peaks are shown in Figure 5.5 and identified in entry 2 of
Table 5.2.

Intens4: -MS, 4.9-6.1min, Deconvoluted [MaxEnt, 568.79-1410.22, *0.101563, 3000)
x104]
25] 6683.5859 67255313 687 p78!

6809.6250

2.0 6641.5391 68515703
1.5 6599.4922
1.0 6557.5460
057
0.0 dr o . h et
6500 6550 6600 6650 6700 6750 6800 6850 6900 miz

Figure 5.5. Crude mass spectrogram of oligonucleotide synthesized from photocleavable

support 16.

Two things were noticed in the observed masses: 1) An RNA without the two uridine
units that should have come from the UpU-derivatized support and; 2) an envelope of peaks
separated by about 42 mass units due to various degrees of acetylation of the nucleobases. The
coupling of the uridine monomers to each other was done overnight with a large excess of
equivalents of activator. Moisture in the peptide synthesizer column most likely caused
hydrolysis of the dimer phosphoramidite. No dimer was coupled to the support, and thus the
coupling of the first uridine monomer on the ABI was done directly onto 21 (Scheme 5.8). Upon
photolysis, the RNA was released with a terminal 3'-phosphate. This phosphate group is not
desirable in our proRNA constructs. Two additional negative charges remain in the synthesized
RNA with the possibility of further repelling cellular membranes. In addition to this possible
disadvantage for cellular uptake, a 3'-phosphate is not a sequence feature of the self- delivering
tailed siRNA developed in Chapter 2. If this self-delivering construct is used as a template for

tailed proRNA with 2'-O-Phe AAE insertions, a 3'-phosphate would be a slight deviation.
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Scheme 5.8. The first nucleotide residue was coupled directly to solid support 21 in the

case of entries 2 and 3 in Table 5.2.

RNA synthesis was redone starting directly from 21 in order to confirm by mass analysis
that the product yielded includes an extra phosphate group. Deprotection conditions were
identical to those used for the oligonucleotide listed as entry 2 in Table 5.2, except that a slightly
longer time for removal of FMOCs and cyanoethyls was performed, yet the same issue with
nucleobase acetylation was observed (entry 3 in Table 5.2). This mass envelope of acetylated

RNA may explain the broad proRNA peak in the HPLC chromatogram of preliminary results by
Dr. Lackey."
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Table 5.2. The synthesis of RNA with rA™©C rG™OC and rc™9€ phosphoramidites on various

solid supports was done with different capping reagents to give various results.

Entry Support Cap A | Base deprotection | Mass Found | Identity
1° UnyLinker™ | Ac;O | 40% ag. MeNH, | 6597.6187 | Desired RNA
65 °C, 10 min
2% [ photocleavable | Ac,O | 2:3 NEts/MeCN | 6557.5469 | RNA with 2 Ac - UU
(from 16) 65 °C, 2 hr 6599.4922 | RNA with 3 Ac - UU
6641.5391 RNA with 4 Ac - UU
6683.5859 | RNA with 5 Ac - UU
6725.5313 | RNA with 6 Ac - UU
6767.5781 RNA with 7 Ac - UU
6809.6250 | RNA with 8 Ac - UU
6851.5703 | RNA with 9 Ac - UU
3¢cude | photocleavable | Ac,O 2:3 NEt;/MeCN | 6780.7668 | RNA with 2 Ac
(21) 65 °C, 4.5 hr 6828.7614 | RNA with 3 Ac
6870.7896 | RNA with 4 Ac
6912.7837 | RNA with 5 Ac
6954.7918 | RNA with 6 Ac
6996.8015 | RNA with 7 Ac
7038.8065 | RNA with 8 Ac
7080.8260 | RNA with 9 Ac
4% % [ photocleavable | PAC,0 |2:3:1 6695.9688 | Desired RNA
(from 20) NEts/MeCN/
morpholine,
65°C, 2 hr

Legend: CE = cyanoethyl; = DRR antisense strand 5'-UUC UUG AUG AGC UGG UUC CTT-
3' (calc.: 6597.8461); ° = DRR sense strand (+ U) 5-GGA ACC AGC UCA UCA AGA AUU U-
3' (calc.:7005.9862); ¢ = luciferase antisense strand 5'-UUA AUU AAA GAC UUC AAG CTT-3'
(calc.:6698.8857); ° = DRR sense strand 5-GGA ACC AGC UCA UCA AGA ATT-3'
(calc.:6696.0032).
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The highly labile N-FMOC group, similar to the highly labile N-PAC group, requires a
non-standard CAP A reagent. A solution of 5% phenoxyacetic anhydride (PAC,0) in
THF/pyridine must be used instead of Ac;O. We have seen in Table 5.2 that FMOC protection
on the nucleobases can exchange with acetate from Ac,O. Once FMOC groups are exchanged
for acetyl groups, they are not removed by NEt;. This explains why acetyl groups were detected
in entries 2 and 3 in Table 5.2. In entry 1 of Table 5.2, the fast deprotection performed with

MeNH; was able to remove the acetylated bases before characterization was done.

With the issue of nucleobase acetylation corrected, photocleavable support made from 20
was used to make RNA (Table 5.2, entry 4). Morpholine was added to the FMOC-deprotection
solution as a precaution; eliminated benzofulvene could add to the exocyclic amines of the
nucleobases, forming permanent adducts in the RNA. Morpholine adds to the elimination
product instead. The synthesized RNA was deprotected with NEts/MeCN/morpholine (2:3:1
v/vlv) and then desilylated with NEt;-3HF/DMSO (1:1 v/v) while the oligonucleotide was still
attached to the solid support. In the final deprotection step, photolysis was performed with 1%

DIPEA in MeCN. No envelope of peaks was recovered in the crude mass analysis (Figure 5.6).

‘ntens‘i' -MS, 5.0-5.9min, Deconvoluted (M axEnt, 569.12-2373.93, *0.09375, 3000]
x10%) 6695.9688
6 N
4 -
2 N
0 ~ . e A i Y — .
6400 6500 6600 6700 6800 6900 7000 m/z

Figure 5.6. The crude mass analysis of RNA synthesized with photocleavable support 20

revealed the desired mass.

The IE-HPLC trace of the crude RNA synthesized with photocleavable support 20 is
shown in Figure 5.7. The lack of short-mers in the trace indicates that the purity of desired
product is very high. We believe that this orthogonal synthetic scheme and reagents can be used
to synthesize proRNA containing 2'-O-Phe AAEs.
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Figure 5.7. The crude IE-HPLC trace of an oligonucleotide 5-GGA ACC AGC UCA UCA
AGA ATT-3' synthesized on photocleavable linker 20 is very clean.

5.5. Stability of the 2'-O-Phenylalanine Acetal Ester to Various Deprotection Conditions

The synthesis of RNA using N-FMOC phosphoramidites was encouraging, as the
deprotection of such RNA could be done in a way that could keep 2'-O-phenylalanine AAES
intact. We did notice, however, that the guanosine phosphoramidite did not fully dissolve in
MeCN. Instead of adding a cosolvent, which can require an increase of the coupling time for the
phosphoramidite, we first proceeded to determine if the 2'-O-AAE moieties could withstand the
hydrazine hydrate treatment used to remove N-levulinyl (Lev) or N-dimethoxyformamidine
(dmf) protecting groups from the nucleobases. These protecting groups, unlike the more
commonly used protecting groups (N-Ac, N-Bz, N-iBu), can be removed under mild conditions
using a buffered hydrazine hydrate (NH,NH-+XH,0)/pyridine solution.” To this end, 3',5"-bis
silylated 2'-O-Phe nucleoside 22 was subjected to hydrazine treatment (Scheme 5.9A). After 1
hour the nucleoside remained completely intact by TLC and crude ESI-MS. The FMOC
protection on nucleoside 22 was then removed with anhydrous NEts/MeCN (2:3 v/v), leaving the
acetal ester intact in product 23 (Scheme 5.9B). Then the same hydrazine treatment was applied
to 23. Some of the nucleoside was converted to compound 24 within minutes (TLC, ESI-MS).
Thus, N-Lev and N-dmf protection is compatible with the 2'-O-Phe AAE; however, their
deprotection must occur prior to the removal of FMOC and cyanoethyl groups. This is in
agreement with the finding that the 2'-O-AAE is cleaved quickly in the presence of H,O due to

the positively charged amine (section 2.6).
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Scheme 5.9. The 2'-O-Phe AAE remains intact with hydrazine hydrate treatment if the
FMOC protecting group is intact.

An alternative manner by which N-FMOC and N-PAC groups can be removed is by
applying a solution of DIPEA in methanol (MeOH) to 22 (Scheme 5.10). This method was
tested to see if it could remove FMOC groups without 2'-O-Phe AAE cleavage. While the
benzofulvene elimination product was detected as expected, immediate cleavage of the acetal
ester also occurred (TLC and ESI-MS analyses). We concluded from this data that a solution of
DIPEA in MeOH is not suitable for deprotection of FMOC or PAC groups of proRNA. This is
also in agreement with section 2.6, in that a protic solvent (MeOH) is likely accelerating the

cleavage of the acetal ester.
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Scheme 5.10. The removal of the N-FMOC protection of the 2'-O-Phe AAE with base in

methanol also causes cleavage of the acetal ester.

With these parameters in mind, the cytidine phosphoramidite 25 was synthesized with N-
Lev protection (Scheme 5.11A) in two steps from commercial phosphoramidite, as well as a
guanosine N-dmf phosphoramidite 26 shown in Scheme 5.11B by Undergraduate summer
student Erika Steels. These phosphoramidites can be used with adenosine phosphoramidite 9a to
synthesize proRNA, as well as commercially available N-PAC phosphoramidites, provided that

alcoholic solvent is not used to remove PAC/FMOC groups.

DMTrO N~ 0 DMTrO N” 0
(0] Lev,0, DIPEA (0]
DMAP
THF/ether
NC/\/O\P/O OTBDMS NC/\/O\P/O OTBDMS
| |
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o]
B)
N NH
<A
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O/
Ne >0 O
| .
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Scheme 5.11. The synthesis of A) cytidine phosphoramidite with N-Lev protection
proceeded in two steps, and B) guanosine phosphoramidite was provided by Erika Steels.
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5.6. Conclusion

RNA composed of all four bases was synthesized using N-FMOC-nucleobase and 2'-
TBDMS protected 3'-O-phosphoramidites. Nucleobase and phosphate protections were removed
with mild NEt; treatment so as to keep a potential 2'-O-Phe AAE insertion intact, after which
desilylation and anhydrous photocleavage of the solid support linker were performed. Full-
length RNA was synthesized with acetyl nucleobase adducts as a result FMOC groups
exchanging with acetate of the standard acetic anhydride capping reagent. Mild capping reagent
for PAC protecting groups, phenoxyacetic anhydride, was utilized to prevent exchange with
acetate. Morpholine was added to the mild NEts/MeCN deprotection solution in order to react
with the benzofulvene elimination product of FMOC cleavage, and highly pure RNA was
produced. This synthesis and deprotection protocol is also amenable to nucleobase protection
with PAC groups. N-levulinyl and N-dimethylformamidine nucleobase protection can also be
cleaved with hydrazine hydrate while leaving the 2'-O-Phe AAE intact, provided that the N-
FMOC protection on the AAE has not yet been removed. These developments signify important
steps in the synthesis of proRNA containing biolabile 2'-O-Phe AAE moieties. Furthermore,
these results have encouraged us to begin to pursue the synthesis of proRNA of mixed base

composition, and study cellular uptake and potency advantages from these novel chemistries.
5.7. Experimental Methods
5.7.1. General Procedures for Monomer Characterization and Synthesis

'H-NMR and **C-NMR spectra were recorded at 400 MHz and 300 MHz, respectively,
using the residual solvent peak as an internal standard ((CDs),SO, CDsCN, (CD3),CO). H-
NMR spectra were assigned using 2D *H-NMR (COSY) spectra. *!P-NMR spectra were
recorded at 200 MHz using 85% H3PO, as an external standard. Reactions were monitored by
TLC on alumina plates coated with silica gel and visualized with UV light and charring with
H,SO,. Preparative chromatography was performed with 40-60 um, 230-400 mesh silica gel.
DMF and DMSO were dried over 3A molecular sieves for at least 48 hr. CH,Cl,, THF, and
MeCN were dried on an mBraun SPS solvent purification system. Pyridine, NEts;, and DIPEA
were distilled from CaH,. Where yields for monomer syntheses have been reported as an

average in the previous sections, one example is described below.
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5.7.2. Synthesis of Oligonucleotide Monomers

5'-0-(4,4'-dimethoxytrityl)-2'-O-(tert-butyldimethylsilyl)-3'-O-[(2-cyanoethyl-N,N-
diisopropyl)phosphoramidite] cytidine (2): Synthesized from phosphoramidite 1, purchased
from ChemGenes Corporation (Wilmington, MA), according to Ohkubo et al.”® Product was
isolated and used directly for the next reaction.

N4-(9-fluorenylmethoxycarbonyI)-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl)-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] cytidine (3):
Phosphoramidite 2 (916 mg, 1.1 mmol) was dissolved in THF (12 mL). DIPEA (830 uL, 4.8
mmol) was added, stirred in, and then FMOCCI (551 mg, 2.13 mmol) was added. After 5 hr, the
reaction was washed with saturated aqueous NaHCO3 and the aqueous layer was extracted three
times with CH,Cl,. The organic layer was dried over MgSQ,, filtered and dried in vacuo. The
crude reaction mixture was purified using silica gel chromatography and 0 to 1% MeOH in
CH,Cl, with a 1% pyridine additive. Product 3 was purified in 60% yield. *'P-NMR (CHs),CO)
5 149.72, 148.48. ESI-QTOF calc. for CgoH72Ns010PSi [M+H']: 1082.49; found: 1082.07. The
product was also characterized by Lackey in CDCl5.**

N®-(9-fluorenylmethoxycarbonyl) adenosine (5a): Nucleoside 4a (373 mg, 1.4 mmol)
purchased from ChemGenes Corporation (Wilmington, MA) was dissolved in pyridine (5.6 mL).
Trimethylchlorosilane (571 mL, 4.5 mmol) was then added. After 1 hr, FMOCCI (471 mg, 1.8
mmol) was added and stirred for 17 hr. Distilled water (1.1 mL) was then added to the reaction
and stirred for 3 hour. The crude material was dried in vacuo and the product 5a was crystallized
from toluene in 81% vyield. The characterization of 5a was in agreement with Heikkila and

Chattopadhyaya.®

NZ-(9-fluorenylmethoxycarbonyl) guanosine (5b): Nucleoside 4b (400 mg, 1.4 mmol)
purchased from ChemGenes Corporation (Wilmington, MA) was dissolved in pyridine (5.6 mL).
Trimethylchlorosilane (584 mL, 4.6 mmol) was then added. After 1 hr, FMOCCI (430 mg, 1.7
mmol) was added and stirred for 17 hr. Distilled water (1.1 mL) was then added to the reaction
and stirred for 3 hour. The crude material was dried in vacuo and the product 5b was
crystallized from ethanol in 75% vyield. The characterization of 5b was in agreement with
Heikkila and Chattopadhyaya.'®
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N®-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl) adenosine (6a):
Nucleoside 5a (548 mg, 1.12 mmol) was dissolved in pyridine (11 mL), and AgNO3 (221 mg,
1.3 mmol) and DMTYrCI was added (455 mg, 1.3 mmol). After 5 hr the reaction was washed
with saturated aqueous NaHCO3 and the aqueous layer was extracted three times with CH,Cl..
The organic layer was dried over MgSQOy,, filtered, and dried to a white solid in vacuo. The crude
reaction mixture was purified using silica gel and 5 — 10% MeOH in CH,CI, with a 0.5%
pyridine additive. Product 6a was purified in 90% yield. *H-NMR ((CD3),SO) & 10.92 (s, 1H),
8.60 (d, J = 3.36 Hz, 2H), 7.91 (d, J = 7.32 Hz, 2H), 7.86 (d, J = 7.63 Hz, 2H), 7.43 (t, J = 7.26
Hz, 2H), 7.32 — 7.39 (m, 4H), 7.18 — 7.28 (m, 7H), 6.79 — 6.89 (m, 4H), 6.05 (d, J = 4.58 Hz,
1H), 5.63 (d, J = 5.49 Hz, 1H), 5.28 (d, J = 5.80 Hz, 1H), 4.77 (d, J = 5.19 Hz, 1H), 4.42 (d, J =
7.32 Hz, 2H), 4.34 (dd, J = 11.44, 6.26 Hz, 2H), 4.12 (d, J = 4.88 Hz, 1H), 3.72 (d, J = 2.44 Hz,
6H), 3.25 (d, J = 4.58 Hz, 2H). *C-NMR ((CD3;),SO) & 158.50, 158.48, 152.53, 152.16, 152.07,
150.22, 145.28, 144.13, 143.46, 141.19, 136.03, 135.93, 130.14, 128.23, 128.20, 128.12, 127.59,
127.11, 125.99, 124.26, 120.59, 113.59, 88.69, 85.95, 83.70, 73.43, 70.79, 67.21, 64.13, 55.47,
46.81. ESI-QTOF calc. for C46H41Ns0g [M+H']: 792.30; found: 792.56.

N?-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl) guanosine (6b): The
procedure was the same as that used for 6a. 5b (0.53 g, 1.0 mmol), pyridine (10 mL), AgNOs
(204 mg, 1.2 mmol), DMTrCI (0.4 g, 1.2 mmol). The crude reaction mixture was purified using
silica gel and 5 — 10% MeOH in CH,CI, with a 0.5% pyridine additive. Product 6b was purified
in 89% vyield. *H-NMR ((CD3),S0) & 11.65 (br s, 1H), 11.35 (br s, 1H), 8.11 (s, 1H), 7.93 (d, J
= 7.63 Hz, 2H), 7.83 (d, J = 7.28 Hz, 2H), 7.45 (t, J = 7.22 Hz, 2H), 7.32 — 7.39 (m, 4H), 7.18 —
7.29 (m, 7H), 6.75 — 6.90 (m, 4H), 5.86 (d, J = 4.58 Hz, 1H), 5.50 — 5.70 (m, 1H), 5.18 (brd, J =
5.19, 1H), 4.53 — 4.71 (m, 1H), 4.49 (d, J = 7.32 Hz, 2H), 4.35 (t, J = 7.32 Hz, 1H), 4.23 (br d, J
= 4.58 Hz, 1H), 3.97 — 4.12 (m, 1H), 3.70 — 3.75 (m, 6H), 3.23 — 3.31 (m, 1H), 3.18 (dd, J =
10.38, 2.75 Hz, 1H). *C-NMR ((CDs),SO) & 158.49, 158.47, 145.28, 143.75, 141.23, 135.99,
135.95, 130.20, 130.16, 128.32, 128.21, 128.18, 127.64, 127.10, 125.94, 120.67, 120.51, 113.56,
113.53, 87.89, 85.97, 83.79, 73.85, 70.86, 64.55, 55.46, 46.59. ESI-QTOF calc. for C4sH41N50q
[M+H"]: 808.30; found: 808.09.

N®-(9-fluorenylmethoxycarbonyl)-5'-0-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl) adenosine (7a): Nucleoside 6a (468 mg, 0.5 mmol) was dissolved in DMF
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(5 mL). TBDMSCI (107 mg, 0.71 mmol) and imidazole (48 mg, 0.71 mmol) were then added.
After 5.5 hr, the reaction was washed with saturated agueous NaHCOs3, extracted three times
with CH,Cl,, dried over MgSOy, filtered and dried in vacuo to a yellow oil. Crude mixture was
purified on silica gel with a gradient of 8:2:0.1 to 6:4:0.1 petroleum ether:acetone:pyridine to
give 7a in 36% vyield. *H-NMR (CDsCN) & 8.55 (s, 1H), 8.26 — 8.28 (m, 1H), 7.79 — 7.86 (m,
2H), 7.71 (m, 2H), 7.36 — 7.47 (m, 4H), 7.19 — 7.36 (m, 9H), 6.83 (dt, J = 4.30, 2.15 Hz, 4H),
6.02 (d, J = 4.69 Hz, 1H), 4.94 — 4.97 (m, 1H), 4.52 — 4.56 (m, 2H), 4.39 (m, 1H), 4.20 (d, J =
3.91 Hz, 1H), 3.73 — 3.76 (m, 6H), 3.38 (t, J = 4.49 Hz, 2H), 3.13 — 3.27 (m, 1H), 0.88 (s, 1H),
0.81 — 0.83 (m, 8H), -0.12 (s, 3H), -0.01 (s, 3H). ESI-QTOF calc, for Cs;HssNsOgSi [M+Na]:
928.37; found: 928.14. Product was also characterized by Lackey in CDCl3.**

N®-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl) adenosine/ N®-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-
dimethoxytrityl)-3'-O-(tert-butyldimethylsilyl)-2'-O-(tert-butyldimethylsilyl) adenosine
(7a/8a): Nucleoside 6a (4.0 g, 5.1 mmol) was dissolved in dry pyridine (25 mL). TBDMSCI
(1.5 g, 10.1 mmol) and then AgNO3 (1.7 g, 5.1 mmol) were added. After 3 hr, the reaction was
washed with saturated aqueous NaHCOg, extracted three times with CH,Cl,, dried over MgSQy,
filtered and dried in vacuo. The crude mixture was purified on silica gel with a gradient of 12 —
100% EtOAc in hexanes to yield 7a and 8a in 43% vyield for each. ESI-QTOF calc, for
Cs2HssN50Si [M+Na]: 928.37; found: 928.14.

NZ-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl) guanosine (7b): Three procedures were used to synthesize 7b. Procedure
#1 was the same as that used for 7a. 6b (5.0 g, 6.2 mmol), DMF (30 mL), TBDMSCI (1.1g, 7.4
mmol), imidazole (504 mg, 7.2 mmol). Crude product was purified with silica gel and 3 — 30%
acetone in CH,Cl, with 0.5% pyridine additive to give 7b in 4% vyield. Procedure #2 dissolved
nucleoside 6b in THF (11.5 mL). Pyridine (354 pL, 4.4 mmol) and AgNO3 (303 mg, 1.8 mmol)
were added TBDMSCI (269 mg, 1.8 mmol) was then added. The reaction was run for 7 hr. 7b
was purified in 13% yield with silica gel and a gradient of 8:2:0.1 to 6:4:1 petroleum ether:
acetone: pyridine. Procedure #3 was the same as that used for 7a/b. 6b (4 g, 5 mmol), pyridine
(7.5 mL), AgNO3 (883 mg, 5.2 mmol), TBDMSCI (784 mg, 5.2 mmol). After 3 hr product 7b
was purified with silica gel and a gradient of 0 — 1% MeOH in CH,Cl, with 1% pyridine additive
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in 22% yield. *H-NMR (CDsCN) & 7.97 (s, 1H), 7.88 — 7.97 (m, 1H), 7.69 — 7.86 (m, 1H), 7.56
—7.69 (m, 1H), 7.10 — 7.51 (m, 14H), 6.69 — 6.93 (m, 4H), 5.82 — 6.02 (m, 1H), 4.81 — 4.93 (m,
1H), 4.54 — 4.67 (m, 2H), 4.39 — 4.53 (m, 2H), 4.21 — 4.31 (m, 2H), 3.65 — 3.76 (m, 7H), 3.50 —
3.61 (m, 1H), 3.36 — 3.45 (m, 1H), 0.79 — 1.03 (m, 9H), -0.04 — 0.19 (m, 6H). ESI-QTOF calc.
for CsyHssNsOgSi [M+H']: 922.38; found: 922.01. The product was also characterized by
Lackey in CDCl5. ™!

NZ-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl)-3'-O-(tert-
butyldimethylsilyl) guanosine (8b): Procedure #2 that was used to synthesize and purify 7b
yielded 9% of 8b. Procedure #3 that was used to synthesize and purify 7b yielded 5% of 8b.
'H-NMR (CD3CN) & 7.75 — 7.88 (m, 3H), 7.66 — 7.75 (m, 2H), 7.28 — 7.47 (m, 9H), 7.15 — 7.24
(m, 4H), 6.64 — 6.82 (m, 4H), 5.81 — 5.86 (m, 1H), 4.87 — 4.90 (m, 1H), 4.48 — 4.57 (m, 4H),
4.29 — 4.36 (m, 1H), 3.61 — 3.75 (m, 7H), 3.48 — 3.56 (m, 1H), 3.09 — 3.17 (m ,1H), 0.78 — 0.99
(m, 9H), 0.05 — 0.14 (m, 3H), -0.08 — 0.03 (m, 3H). *C-NMR ((CD3),CO) & 158.99, 158.95,
158.66, 155.15, 154.74, 154.71, 149.68, 149.27, 147.61, 145.37, 144.70, 143.52, 141.26, 135.80,
135.76, 135.70, 135.54, 130.26, 130.10, 129.94, 128.86, 128.12, 127.89, 127.75, 127.69, 127.20,
126.82, 126.75, 125.34, 120.04, 113.20, 112.95, 112.81, 112.76, 87.26, 86.61, 86.49, 84.29,
68.05, 68.00, 54.69, 54.63, 46.58, 28.21, 25.47. ESI-QTOF calc. for Cs;HssNsO0gSi [M+H™]:
922.38; found: 922.41.

N®-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl)-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] adenosine (9a):
Nucleoside 8a (830 mg, 0.92 mmol) was dissolved in THF (4 mL) and DIPEA (718 pL, 4.12
mmol) and phosphitylating reagent (460 pL, 2.1 mmol) were added. After 6 hr the reaction was
washed with saturated aqueous NaHCOj3, extracted with CH,Cl,, dried over MgSO;, filtered, and
dried in vacuo. The product 9a was purified with 10 — 80% EtOAc in hexanes with 0.5%
pyridine additive in 79% yield. *P-NMR ((CDs),CO) & 150.34 (less-retained product), 148.56
(more-retained product). ESI-QTOF calc. for Cg;H72N;OgPSi [M+H]: 1106.50; found: 1106.91.
The product was also characterized by Lackey in CDCl3.*

NZ-(9-fluorenylmethoxycarbonyl)-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-
butyldimethylsilyl)-3'-O-[(2-cyanoethyl-N,N-diisopropyl)phosphoramidite] guanosine (9b):
The same procedure was used as for 9a. 8b (430 mg, 0.47 mmol), THF (2 mL), DIPEA (366 uL,
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2.1 mmol), phosphitylating reagent (208 pL, 0.9 mmol). After 19 hr, product 9a was purified
with 12 — 80% EtOAc in hexanes with 0.5% pyridine additive in 55% vyield. >P-NMR
((CD3),S0) & 149.75, 148.56. ESI-QTOF calc. for CeiH7N:O:PSi [M+H']: 1122.49; found:
1122.02. The product was also characterized by Lackey in CDCls. "

5'-O-(4,4'-dimethoxytrityl) uridine (11): The procedure was the same as that used for
6a. 10 (1.0 g, 4.1 mmol), pyridine (30 mL), AgNO3 (800 mg, 4.7 mmol), DMTrCI (1.6 g, 4.7
mmol). Product 11 was purified with silica gel and a gradient of 1 — 10% MeOH in CH2CI2
with 0.5% pyridine additive in 65% yield. Product characterization was in agreement with

Hakimelahi et al.*®

5'-0-(4,4'-dimethoxytrityl)-2'-O-(tert-butyldimethylsilyl) uridine (12): Procedure was
the same as for 7a/8a. 11 (200 mg, 0.37 mmol), pyridine (1.5 mL), AgNO3 (75 mg, 0.44 mmol),
TBDMSCI (66 mg, 0.44 mmol). Product 12 was purified in 47% yield with silica gel with a
gradient of 10 — 80% EtOAc in hexanes with 0.5% pyridine additive. Product characterization

was in agreement with Hakimelahi et al.®

5'-0-(4,4'-dimethoxytrityl)-2'-O-(tert-butyldimethylsilyl)-3'-O-[(N,N,N,N-
tetraisopropyl)phosphoramidite] uridine (13): Nucleoside 12 (661 mg, 0.24 mmol) was
dissolved in CH,CIl, (2 mL). DIPEA was added (211 uL, 1.2 mmol) and then N,N,N,N-
tetraisopropyl chlorophosphite (74 mg, 0.28 mmol). The crude reaction was dried in vacuo after
5 hr, coevapped five times with MeCN, and used directly in the coupling with nucleoside 15
after crude ESI-QTOF calc. for C4gH7:N4OgPSi [M+H"]: 891.49; found: 891.26.

5'-0-(4,4'-dimethoxytrityl)-3',2'-O-bis(tert-butyldimethylsilyl) uridine (14):  The
procedure was the same as that used for 7a/8a. 11 (120 mg, 0.22 mmol), pyridine (1.4 mL),
AgNO;3 (93 mg, 0.55 mmol), TBDMSCI (83 mg, 0.55 mmol). The crude material was used for
the synthesis of 15.

3',2'-O-bis(tert-butyldimethylsilyl) uridine (15): A 3% trichloroacetic acid (TCA)
solution in CH,Cl, was made by dissolving TCA (402 mg, 2.46 mmol) in CH,Cl; (10 mL). The
TCA solution was added to nucleoside 14. After 20 min the reaction was quenched with MeOH
(10 mL). Product 15 was purified with silica gel and 17 — 85% EtOAc in hexanes in 58% yield.

Characterization of the product was in agreement with Ogilvie et al.*®
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5'-0-(4,4'-dimethoxytrityluridin-3'-yl 3",2"-O-bis(tert-butyldimethylsilyl)uridin-5"-
yl N,N-diisopropylphosphoramidite (16) and the solid support derivatized with it:
Phosphoramidite 13 (43 mg, 0.05 mmol) was dissolved in MeCN (1 mL) in a flamed fritted glass
column with stopper and screw-cap. Nucleoside 15 (22 mg, 0.05 mmol) was added and 0.25 M
ETT (5 mL). After 7 hr shaking, solid support 21 was added to the column and shaken for 18 hr
in the dark. The support was then washed with CH,CI, three times and MeCN three times,
transferred to a glass vial, and dried in vacuo.

5'-0-(4,4'-dimethoxytrityl)-3'-O-[(N,N,N,N-tetraisopropyl)phosphoramidite]
thymidine (18): The procedure was the same as that used for 13. 11 (611mg, 1.1 mmol),
CH,CI;:DMF (1:0.1 mL), DIPEA (215 pL, 1.2 mmol), N,N,N,N-tetraisopropyl chlorophosphite
(329 mg, 1.2 mmol). The crude reaction was also dried in vacuo after 5 hr, coevapped five times

with MeCN, and used directly in the coupling with nucleoside 19.

3'-O-(tert-butyldimethylsilyl) thymidine (19): Procedure was the same as that used for
6a and then 15. 17 (2.0 g, 3.7 mmol), pyridine (20 mL), AgNO3; (686 mg, 4.0 mmol), TBDMSCI
(664 mg, 4.4 mmol). The crude material was purified in 84% yield using silica gel and a 17 —
100% EtOAc in hexanes gradient with 0.5% pyridine additive. Product of silylation (2 g, 3.1
mmol), TCA in CH,Cl, (600 mg, 1.2 mmol in 12.2 mL), MeOH (10 mL). The crude material
was purified in 76% yield using silica gel and a gradient of 17 — 85% EtOAc in hexanes. The
characterization of product 19 was in agreement with the Ogilvie and Iwacha.*®

5'-0-(4,4'-dimethoxytrityl)thymidin-3'-yl 3"-O-(tert-butyldimethylsilyl)thymidin-5"-
yl N,N-diisopropylphosphoramidite (20) and the solid support derivatized with it:
Phosphoramidite 18 (869 mg, 1.1 mmol) was dissolved in CH,Cl, (4.2 mL) in a round bottom
flask, then 0.25 M ETT (4.5 mL, 1.1 mmol) was added, and then nucleoside 19 (1.15 g, 1.1
mmol). After 1 hr stirring, the dimer was loaded directly onto silica gel run with 17 — 85%
EtOAc in hexanes with 0.5% pyridine additive. A white foam was recovered, and another silica
gel column was run with 17 — 100 % EtOAc in hexanes with 0.5% pyridine additive to give 20 in
a white foam in 52% yield. *P-NMR ((CD3),CO) & 148.30, 148.39. Phosphoramidite 20 (97
mg, 0.09 mmol) was dissolved in MeCN (680 uL). Support 21 (28 mg) was weighed into an
ABI column. With argon flowing through the top of the synthesis column, a 1-mL syringe with

activator solution (0.25 M ETT, 300 puL) was secured to the bottom end of the column. The line
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delivering argon to the top of the column was removed and the activator was immediately
pushed through the column, followed by immediate attachment of another 1-mL syringe
containing phosphoramidite 20 (0.15 M, 300 uL) to the top of the column. The pistons of the
syringes were pushed back and forth a few times and then the column was shaken for 10
minutes. The syringe containing activator was then pushed all the way through the column and
then the rest of the phosphoramidite (0.15 M, 300 uL) was immediately pushed through the other
end. The pistons were pushed back and forth a few times and the column was shaken for 15
minutes. Then the support was washed with MeCN and dried with argon on the ABI
Synthesizer, oxidized, and then detritylated on the ABI Synthesizer. The support was dried with
argon. This derivatization of support 21 was repeated with more of phosphoramidite 20 (50 mg,
0.05 mmol) dissolved in MeCN (320 pL, 0.16 M) and 0.25 M ETT (300 pL) for one more 5-
minute round of shaking. The supports were combined and a portion was used for

oligonucleotide synthesis.

N*-levulinyl-5'-O-(4,4'-dimethoxytrityl)-2'-O-(tert-butyldimethylsilyl)-3'-O-[(2-
cyanoethyl-N,N-diisopropyl)phosphoramidite] cytidine (25): Levulinic acid (LevOH) was
distilled under reduced pressure to a liquid at room temperature. Levulinic anhydride (Lev,0)
was prepared by dissolving LevOH (300 pL, 3.0 mmol) and DCC (619 mg, 3.0 mmol) in ether
(30 mL). After 5 hr, the DCU precipitate was anhydrously filtered from the solution under No.
Nucleoside 2 (736 mg, 0.86 mmol) was dissolved in THF (8.5 mL) and DIPEA (1 mL) and
DMAP (11 mg, 0.1 mmol) were added. The Lev,O/DCC solution (20.6 mL, 1.03 mmol) was
added dropwise over 40 min to the stirring nucleotide 2. After 17 hr the reaction was washed
with saturated aqueous NaHCO3. The aqueous layer was extracted three times with ether. The
crude white solid was purified with silica gel and an eluent of 2.5% MeOH in CH,Cl,.with 0.5%
of pyridine additive to give product 25 in 74% yield. *'P-NMR ((CD3),CO) & 149.74. ESI-
QTOF calc. for CsoHegNs010PSi [M+Na]: 980.44; found: 980.56.

5.7.3. Oligonucleotide Preparation

Oligonucleotides were synthesized with an Applied Biosystems DNA/RNA 3400
Synthesizer.  Standard phosphoramidites were purchased from ChemGenes Corporation
(Wilmington, MA) and dissolved in MeCN to a concentration of 0.15 M. Non-standard

phorphoramidites were dissolved in MeCN to a concentration of 0.12 M, while G™°C
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phosphoramidite used in the synthesis of oligonucleotide on support derivatized with dimer 20
was dissolved in MeCN:CH,Cl, (1:1). Coupling times for thymidine and uridine were 600 sec,

while the coupling time was 900 sec for A™°¢ and c™°¢, GM°c

was coupled for 1200s.
Activation of phorphoramidites was achieved with standard 0.25 M ETT in MeCN. Standard
capping was performed with a CAP A solution of Ac,O/py/THF (10:10:80 v/v/v) were indicated
and a CAP B solution of 15% N-methylimidazole in THF. CAP A was replaced with a solution
of PAC,0O/py/THF (5:10:85 v/v/v) where indicated. The oxidation solution used was standard
0.1 M I in py/H,O/THF (8:16:76 v/v/v). Standard 3% TCA in CH,Cl, was used for detritylation

steps.

The oligonucleotide synthesized on Unylinker™ was suspended in fast 40% ag. MeNH
(1 mL) at 65 °C for 10 min to remove the nucleobase and internucleotide protecting groups, and
to cleave the support linker. After decanting and lyophilizing the supernatant, fast desilylation
was performed in NEts-3HF:dimethylsulfoxide (DMSO) (300 L, 1:1 v/v) at 65°C for 90 min,
after which NaOAc (3 M, pH 5.5, 25 uL) and cold 1-butanol (1 mL) were added to precipitate
the oligonucleotide. The washed and dried oligonucleotide was dissolved in water, filtered, and
purified by IE-HPLC on a Waters Protein PAK DEAE 5PW 7.5 mm x 7.5 cm column. A
gradient of 0 — 40% solvent B in 50 minutes (A: H,O; B: 1 M LiClO,4) was used to purify the
strands at a rate of 1 mL/min. The purified strands were dissolved in H,O, desalted with

sephadex G-25, and lyophilized to dryness.

The PS solid support of oligonucleotides grown from dimer 16, 20, or support 21 were
suspended in anhydrous NEts/MeCN (1 mL, 2:3 v/v) or anhydrous NEts/MeCN/morpholine (1
mL, 2:3:1 v/v/v) at 65°C for the time indicated in Table 5.2 to remove cyanoethyl and FMOC
groups. The beads were then centrifuged at 12,000 rpm for 5 minutes, decanted, and washed
twice with anhydrous DMSO. Then fast desilylation was performed on the beads with NEts-
3HF/DMSO (150 pL: 80 pL). The beads were washed three times with DMSO and dried in
vacuo. The beads were transferred to a quartz tube and suspended in MeCN (1 mL) with DIPEA
(10 uL). A Luzchem LZC-4 photoreactor was used to photocleave the oligonucleotides from the
solid support beads. The beads were irradiated with fourteen 12” Luzchem LZC-UVA (UV-A,
Hitachi FL8BL-B) lamps at Amax = 350 nm for 21 minutes. The beads were transferred back to a

polypropylene tube and oligonucleotides made from 16 and 21 were extracted three times from
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the support by resuspending the beads in autoclaved H,O, centrifuging at 12,000 rpm, and
decanting three times. Support derivatized with dimer 20 was dried in vacuo without decanting.
The beads were instead resuspended in anhydrous DMSO, centrifuged at 12,000 rpm, and an
aliquot was taken for mass spectometry. The beads were dried in vacuo after aliquots were
taken. The beads were resuspended in H,O and purified by IE-HPLC with a gradient of 0 — 40%
solvent B in 50 minutes (A: H,O; B: 1 M LiCIO,4) on a Waters Protein PAK DEAE 5PW 7.5 mm

X 7.5 cm column at a rate of 1 mL/minute.
5.7.4. Nucleoside Deprotection Conditions

A 0.5 M NH;NH,*XH,0 solution was made by adding 50-60% NH,;NH,*XH,0 (1.0 mL)
to a solution of pyridine/acetic acid (20.4 mL:13.6 mL, 3:2). A portion of the solution (1.73 mL)
was added to either nucleoside 22 or 23. TLC of the reaction on 22 was done using 5% MeOH
in CH,CI; and revealed no change in retention of the product (Rf = 0.56) and no other products.
MS(ESI) calc. [M+Na]: 908.36; found: 908.40. TLC of the reaction on 23 was done using 5%
MeOH in CH,CI, and revealed many heavy spots, including product 24 (R; = 0.23, MS(APCI)
calc. [M]: 486.22; found: 486.94) and starting material 23 (Rf = 0.1, MS(ESI) calc [M+H"]:
664.31; found: 664.22).

FMOC elimination of 22 (9.0 mg, 0.01 mmol) was done by dissolving the nucleoside in
MeCN (1.04 mL) and adding NEtz (0.691 mL). The solution was stirred at 70°C for 2.75 hr,
then it was further diluted with CH,Cl, and washed with 5% aqueous HCI. The aqueous layer
was extracted twice with CH,Cl,. The combined organic layers were dried over MgSQy,, filtered,
and dried in vacuo to 9.9 mg of a yellow oil. TLC of the crude material was done using 3:2
EtOAc:hexanes eluent (22 R = 0.8, 23 R¢= 0.1, benzofulvene Rs = 0.93). ESI-QTOF calc. of 23
[M+H™]: 664.31; found: 664.27.

3',5'-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-2'-O-(acetal-L-phenylalanine  ester)
uridine (23): Nucleoside 22 (38.2 mg, 0.043 mmol) was dissolved in MeCN (4.41 mL) and then
NEt; (2.93 mL) was added. The reaction was stirred at 60°C for 1 hour and then diluted with
CH.Cl,. The solution was washed with 5% aqueous HCI and the organic layer was dried over

MgSOQ,, filtered, and dried in vacuo. A Pasteur pipette plugged with cotton was filled with 4 cm
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of silica gel and the reaction mixture was separated with 3:2 hexanes:EtOAc - 100% EtOAc.
APCI-QTOF calc. for Ca;HsoN30sSi, [M+H"]: 664.31; found: 664.29.

3',5'-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl) uridine (24): The compound was
synthesized from uridine nucleoside and characterized according to Yamashita et al.?
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Chapter 6: Contributions to Knowledge

6.1. Summary of Contributions to Knowledge and Future Work
6.1.1. A Potential Sugar Promoiety for sSiRNA

With the long-term goal of synthesizing potent sSiRNA prodrugs that are able to penetrate
cellular membranes, 2'-O- acetal ester (2'-O-AAE) moieties based on L-alanine, L-phenylalanine,
L-lysine, and L-proline were synthesized for the first time. The positively charged amino groups
of the 2'-O-AAEs were designed to neutralize the phosphate groups and to interact more
favorably with the negatively charged cellular membrane, thus allowing increased cellular
penetration. As it is required for pro-drug moieties, the 2'-O-AAEs investigated were cleaved in
various aqueous buffers, whereas they resisted cleavage during the oxidation of phosphite triester
intermediates with either iodine in water/pyridine/tetrahydrofuran, tert-butyl hydroperoxide, or
camphorsulfonyl oxaziridine. Standard solid-supported synthesis conditions, an orthogonal
linker, and a revised aprotic deprotection scheme were then used to synthesize a poly-thymidine
oligonucleotide containing fully intact 2'-O-Phe AAE insert and no detectable product of
hydrolysis. A comparison of the rate of hydrolysis of 2'-O-hydrocinnamic acid acetal ester
versus 2'-O-phenylalanine (2'-O-Phe) AAE suggests that the positive charge of the B-amine is
required for hydrolytic cleavage. In order to adjust the half-life of hydrolysis, future work will
examine five structural variations of the 2'-O-Phe AAE moieties shown in Figure 6.1. These
studies will be relevant to sSiRNA and particularly RNA microarray research, whereby synthesis
of RNA strands necessitates fluoride-free deprotection steps.
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Figure 6.1. Variations on the A) 2'-O-phenylalanine acetal ester would test for the effect of
B) a more sterically hindered carbonyl carbon; C) an electron-donating aromatic ring
substituent; D) an electron-withdrawing aromatic ring substituent; E) an aliphatic ring in the
place of the aromatic ring; and F) the D-phenylalanine amino acid on the stability of

oligonucleotide conjugates.

6.1.2. Self-Delivering Asymmetric RNA Modified with 2'-N-Acyl-L-Phenylalanine

Nucleoside  3'-O-phosphoramidites  containing stable 2'-N-acyl-L-phenylalanine
modification were synthesized and employed to prepare fluorophore-labeled siRNA of mixed
base composition. Flow cytometric fluorescence resonance energy transfer (FCET) provided a
convenient method to measure the relative uptake of duplexes. In the presence of very small
amounts of Lipofectamine™ 2000, an siRNA duplex containing six 2'-N-acyl-L-phenylalanine
moieties exhibited significantly better cellular uptake in human glial cells relative to the
unmodified siRNA. Remarkably, when this siRNA was further conjugated to a 5'-
phosphorothioated rU(2'-N-acyl-L-phenylalanine) ‘tail’ it underwent delivery without any
transfection agent, despite the presence of additional negative charges. Future work will utilize
FCET for probing the ability of other modifications, including 2'-O-Phe AAE, to improve
cellular uptake of siRNAs.

6.1.3. Carrier-Free Gene Silencing by 2'-N-Acyl-L-Phenylalanine-Modified SiRNA
2'-N-Acyl-L-phenylalanine modified siRNAs were effective at downregulating the drr

and B-cell lymphoma 2 (bcl-2) genes. While up to six inserts of the positively charged
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modification conferred a somewhat weak degree of drr silencing in human glial cells, siRNAs
containing up to four modifications away from the Argonaute 2 cleavage site were as potent as
canonical siRNA. Thus, internal 2'-N-acyl-L-phenylalanine modification does not necessarily
attenuate potency. Without the use of a transfection agent, a self-delivering ‘tailed” siRNA
containing thirteen 2'-N-acyl-L-phenylalanine modifications was more potent in downregulating
drr relative to the corresponding unmodified tailed RNA. While the modified tailed duplex was
less potent than canonical sSiRNA when Lipofectamine™ 2000 transfection was used, the ability
to reduce the malignancy of glioblastomas via RNAI without the need of a delivery carrier is an
exciting development. In the future, a tailed duplex modified in a new pattern will be
synthesized and assayed for silencing drr. The sense strand will be synthesized containing
thirteen 2'-N-acyl-L-phenylalanine modifications in order to achieve unassisted cellular uptake,
but the ‘tail” will be attached to the 3'-terminal instead of the 5'-terminal (Figure 6.2). This will
leave a 2-nt 3' antisense overhang structure that may increase potency due to an increased
preference for antisense strand loading into RISC. The duplex also contains a ‘fork’ at the 3'-end

of the sense strand with two nucleotide mismatches, rather than a 3'-sense strand 2-nt overhang.

5'-GGA ACC AGC UCA UCA AGU,UUU UUU U-3
3'-UU CCU UGG UCG AGU AGU UCU U-5"-p

Figure 6.2. A proposed duplex design for a potent, self-delivering siRNA. Legend: U =
2'-N-acyl-L-phenylalanine uridine; C = 2'-N-acyl-L-phenylalanine cytidine; p =

phosphate; s = phosphorothioate. Sequence: sense strand on top; antisense strand on
6.1.4. Towards Methods for the Synthesis of ProRNA

Mixed-base RNA was synthesized with standard reagents on a photocleavable linker
using phosphoramidites synthesized with N-FMOC nucleobase protection. The desired RNA
sequence was deprotected with only aprotic solvent, a condition that was determined necessary
during the investigation of the 2'-O-Phe AAE modification. The deprotection sequence was as
follows: 1) triethylamine/acetonitrile/morpholine (2:3:1 v/v/v) at 65°C for 2 hours; 2)
triethylamine trihydrofluoride/dimethylsulfoxide (2:1 v/v) at 65°C for 3.5 hours; and 3)
methylamine/diisopropylamine (99:1 v/v), Amax = 350 nm for 21 minutes. The ability to wash
away fluoride salts from the support and the ability to avoid standard desalting of the crude

oligonucleotide in butanol is also important to recover intact 2'-O-Phe AAE. The RNA
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synthesized with N-FMOC monomers was purified and correctly characterized for the first time
by mass spectrometry once mild capping reagent for N-phenoxyacetyl (PAC) nucleobase
protection was used to eliminate acetylation of nucleobases. We have also found that removal of
N-levulinyl (lev) and N-dimethoxyformamidine (dmf) on the nucleobases via hydrazine hydrate
in acetic acid/pyridine is a treatment that leaves the 2'-O-Phe AAE intact, provided that the N-
FMOC protection of the 2'-O-Phe AAE is still present. Therefore, N-lev and N-dmf protection
may also be compatible with the synthesis of proRNA containing 2'-O-Phe AAE.

In the future, N-lev- and N-dmf-protected residues will be combined with N-FMOC-
protected residues to produce proRNA. N-PAC protection will also be used to synthesize
proRNA with intact 2'-O-Phe AAE modifications. The 2'-O-Phe AAE modifications will be
inserted in the positions that were modified with 2'-N-acyl-L-phenylalanine in our self-delivering
tailed siRNA. The construct will be tested for its ability to be taken up into glial cells without
transfection agent and for its ability to cause a reduction in malignancy.
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