Synthesis and Properties of Oxepane Nucleosides, 2’-5'-

linked RNAs, and Parallel-Stranded Duplexes

Maryam Habibian
Department of Chemistry
McGill University, Montréal

February 2017

A thesis submitted to McGill University in partial fulfillment of the requirements
of the degree of
Doctor of Philosophy

©Maryam Habibian, 2017



"Caminante, no hay camino;

Se hace camino al andar."

[Walker, there is no path;

The path is made by walking.]

Antonio Machado

1875-1939



Dedicated to my beloved Mom and Dad.






COPYRIGHT STATEMENT

"Content in Chapter 2 of this thesis has been reprinted and adapted with permission from
[Habibian, M.; Martinez-Montero, S.; Portella, G.; Chua, Z.; Bohle, D. S.; Orozco, M.; Damha,
M. J., Seven-Membered Ring Nucleoside Analogues: Stereoselective Synthesis and Studies on
Their Conformational Properties. Organic Letters 2015, 17, 5416-5419.] Copyright (2015)

American Chemical Society."



ABSTRACT

Considerable attention has been directed towards chemically modified nucleic acid
analogs, owing to their rising number of promising applications, ranging from nucleoside
analogs as potent antiviral/anticancer agents, modified oligonucleotides for gene silencing
purposes, diagnostic agents, functional genomics and target validation. Among various nucleic
acid modifications, the work in this thesis is primarily focused on the design, synthesis, and
characterization of ring-expanded oxepane nucleosides, 2'-5' linkage modified siRNAs, and base
modified parallel siRNAs. Structural and biological properties imparted by these modifications
are investigated, with an emphasis on their structure, drug-like properties, and activity in cell
based systems.
Our work on oxepane nucleosides describes the synthesis of a novel series of seven-membered
ring nucleoside (oxepane) analogs as candidates for biological screening and gene silencing
applications. Also, the conformational landscape and preferred ring-puckering of these analogs
were investigated by means of NMR, X-ray crystallography, and quantum mechanical
calculations. These analogs are valuable compounds for antiviral and anticancer applications,
and build the grounds for designing novel sugar-expanded oligonucleotides as gene silencing
therapeutics.
Our studies on the efficiency of 2'-5' linked siRNAs targeting firefly luciferase and P53 mRNAs
with different positional variations of 2'-5' linkages showed that siRNAs with modified sense
strands can retain their efficiency, while linkage modification in the AS strand compromised the
SIRNA activity. 2'-5' linked siRNAs were, also, found to abrogate the immunostimulatory
response in comparison with their native siRNAs. Interactions of these siRNAs with the RNAI

proteins was investigated, revealing that extensive 2'-5' modification of the AS strand is only
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minimally affecting the siRNA phosphorylation by kinases, while it is detrimental to its hAGO2
loading. Further studies using molecular modelling and MD simulations suggested that extensive
2'-5' modification can largely affect the hAGO2-siRNA key interactions, arising from the
structural changes in the RNA duplex induced by the linkage modification.

We introduced the “mixmer” strategy, as a novel approach in preparing active mixtures of
chemically modified siRNAs with enhanced drug-like properties. siRNA libraries targeting
firefly luciferase and P53 mRNAs were prepared with different positional variations of 2'-5' or
2'-5'/3'-5" (mixmer) modifications throughout the sense or AS strands. Screening these libraries
against their corresponding mRNA targets showed that siRNAs with 2'-5' or 2'-5'/3'-5" mixmer
modifications in the sense strand are as potent as native siRNAs. While 2'-5" modification in the
AS strand was shown to be detrimental to the siRNA activity, the activity was compensated
when 2'-5' linkages were flanked with 3'-5' linkages in form of mixmer. Our preliminary studies
show that the same results obtained with 2'-5'/3'-5" mixmers, can be also extended to siRNA
mixmers prepared from mixtures of other modifications.

Finally, we report the synthesis and characterization of 2'-FRNA- and isoC- and isoG-
nucleobase modified active parallel stranded siRNA hybrids at physiological pH. Our study
revealed the benefits and challenges to the design of parallel stranded siRNAs, and explained the
underlying rules to a successful parallel stranded siRNA design and synthesis. Mechanistic
investigations using hAGO2 knockdown experiments confirmed that gene silencing by these
parallel siRNAs was, indeed, happening through RNAI pathway. Our findings demonstrate that
the helical conformation and groove dimensions of siRNAs are not critical determinants in
activation of RNAI, and hence, introduce novel opportunities in designing a new class of potent

parallel siRNAs as gene silencing therapeutics.
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RESUME

L’attention s’est portée sur les analogues d’acides nucléiques chimiquement modifiés a
mesure que les applications prometteuses se sont accumulées, depuis les analogues de
nucléosides comme puissants agents anticancéreux et antiviraux et les oligonucléotides modifiés
comme silenceurs géniques jusqu’aux outils de diagnostic, de génomique fonctionnelle et de
validation de cible. Parmi les nombreuses modifications d’acides nucléiques, nous avons choisi
pour ce travail de thése de nous concentrer principalement sur la conception, la synthése et la
caractérisation de nucléosides a sucre élargi de type oxépane et de siARNs contenant des liens
2'-5" ou des bases modifiées et des brins appariés en parallele. Nous avons étudié 1I’impact de ces
modifications sur les propriétés structurelles et biologiques des nucléosides et des siARNSs et,
plus particulierement, leurs propriétés thérapeutiques et leur activité en milieu cellulaire.
Nous décrivons en premier lieu la synthése d’une nouvelle série d’analogues de nucléosides dont
le sucre est constitué d’un cycle a 7 atomes de type oxépane en vue d’effectuer des tests de
détection biologique et d’activité d’inhibition de I’expression génétique. Par ailleurs, des
mesures menées par RMN, cristallographie a rayons X et par calculs de mécanique quantique ont
permis de sonder I’espace conformationnel occupé par ces analogues ainsi que le plissage de leur
sucre. Ils sont d’un intérét certain comme anticancéreux et antiviraux et servent ainsi de
fondation a la conception de nouveaux oligonucléotides a sucre étendu comme agents silenceurs
de geénes.
Ensuite, nos études portées sur la capacité de siARNs contenant des liens 2'-5" placés a
différentes positions a cibler la luciférase de luciole et ’ARNm de la protéine p53 ont montré
que les siARNs dont les modifications sont contenues dans le brin sens restent actifs, tandis que

la modification chimique du brin antisens, au contraire, compromet leur efficacité. De plus, les
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siARNs a liens 2'-5' ne sont pas immunostimulants, contrairement aux siARNs originaux.
L’¢tude des interactions entre ces siARNs et les protéines impliquées dans I’interférence a
I’ARN (ARNIi) a révélé qu’une modification profonde du brin antisens ne s’accompagne que
d’une faible perturbation de la phosphorylation des siARNSs par les kinases, mais qu’elle nuit a
I’association (ou « chargement ») avec hAGO2. Ainsi étudiés par simulations de dynamique
moléculaire et par modélisation moléculaire, les siARNs comprenant un nombre important de
liens 2'-5' perturbent fortement les interactions clé entre siARN et hAGO?2, ce qui est di a des
changements structurels du duplex d’ARN induits par la modification du lien internucléosidique.
Nous avons alors introduit la stratégie dite de « mixmere » dans le but de préparer des mélanges
actifs de siARNs chimiquement modifiés aux propriétés pharmacologiques améliorées. Nous
avons préparé ainsi des banques de siARNs contenant des liens 2'-5" a différentes positions ou
des mixmeéres 2'-5'/3'-5' dans les brins sens et antisens et ciblant la luciférase de luciole ou les
ARN messagers de p53. Le criblage de ces banques contre leurs cibles d’ARNm correspondant a
montré que les siARNs 2'-5" ou mixmeéres de 2'-5'/3'-5' dans le brin sens sont aussi actifs que les
SiARNs non-modifiés. Quoique la présence de modifications 2'-5' dans le brin antisens
s’accompagne d’une baisse de I’activité d’interférence du siARN, celle-ci peut étre restaurée
lorsque les liens 2'-5’ sont entourés de liens 3'-5' (forme mixmére). En outre, des études
préliminaires ont montré que ces observations sont applicables a des siARNs mixmeres
comportant d’autres modifications.

Enfin, nous décrivons la synthése et la caractérisation d’hybrides de siARNs appariés
parallelement a pH physiologique et contenant des bases modifiées isoC et isoG ainsi que des
nucléosides modifiés 2'-F-ARN. Cette étude a mis en avant les avantages mais aussi les obstacles

a la conception et la synthése de siARNSs a brins appariés en parallele en en dessinant ses régles



sous-jacentes. Des expériences mécanistiques portées sur 1’inhibition de 1’expression de hAGO2
ont permis de confirmer que le silencage génique induit par des siARNs hybridés parallelement
provient bien, en effet, du mécanisme d’interférence a I’ARN. Nos résultats montrent ainsi que la
conformation hélicoidale et les dimensions des sillons des siARNs ne sont pas des facteurs
cruciaux dans I’activation de I’ARNi et ouvrent ainsi de nouvelles approches vers la conception

d’une classe originale de siARNs parall¢les, puissants silenceurs de I’expression génétique.
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R=CHs,H for DNA and RNA reSpeCtiVElY. .......cccceimiiiiiiiiinentseeeeee e 3
Figure 1.2 The psudorotational wheel and the corresponding sugar pucker notations
adopted by nucleoside sugars. Areas circled in blue denote the most stable puckers of
natural nucleosides: North or C-3'endo sugars are found in A-form RNAs and South or
C-2'endo sugars are found in B-fOrm DNAS. ......ccoviiiiieeiecc e 4
Figure 1.3 Top: a comparison of the A-form and B-form helical structures in dsDNA.
Bottom: some helical parameters of A-form and B-form duplexes®. ............ccccceevvrvevnnne. 6
Figure 1.4 Identification of H-bonding edges and glycosidic bond orientations in RNA.
Hydrogen bonding axis (axis of interaction) is shown in gray. Picture taken from
TEERIENCE 2. ..ot 8
Figure 1.5 Representations of some common noncanonical hydrogen bonding schemes
found in: (a) and (b) parallel duplexes and (d) G-quadruplexes. Schematic illustrations of
antiparallel and parallel duplexes (c) and some variations of G-quadruplexes (e). The
WClreverse WC base pairing is shown with dashed bonds, and Hoogsteen/reverse

Hoogsteen base pairing is shown with hashed bonds. ..., 10
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Figure 1.6 (a) Enzymatic synthesis of RNA results in completely uniformed 3'-5'
phosphodiester linkage between nucleotides (homogenously linked 3'-5' RNA). (b)
Prebiotically plausible synthesis of RNA, however, generates random distribution of 2'-5'
and 3'5 linkages within an RNA strand (heterogeneously linked 2'-573'-5" RNA). A
heterogeneous RNA strand containing one 2'-5' linkage is shown here. ........c.c.cccceeveee.. 12
Figure 1.7 mRNA-targeting by miRNA and siRNA. miRNAs, once loaded into the RISC,
are capable of recognizing and binding partially complementary mRNAs, especially
those with sequence complementarity to the miRNA "seed region”. As an outcome of
this, gene expression decreases, adding an additional layer of post-transcriptional control
over gene expression. Anti-miRNAs can target and inhibit miRNAs. Synthetic SiRNAs,
mimicking natural miRNAs, can be introduced into cells to make use of the cellular RISC
machinery for mRNA gene silencing. Figure adapted from reference &. ............cco........ 16
Figure 1.8 Model for dsRNA positioning by the human RISC-loading complex. (A)
Human Dicer recognizes and orients dsRNA substrates along its catalytic domain, with
the correct positioning in the active site, ready for cleavage. (B) Following the cleavage,
the nascent siRNA product is released from Dicer to be repositioned. (C) Dicer and
TRBP or PACT bind the siRNA, to position them along Dicer’s helicase domain for
asymmetry sensing. Dicer prefers to binds to the less stable end of the duplex, whereas
the TRBP binds the more stable end, placing the 3’ end of the AS strand near the PAZ
domain of AGO2 prior to RISC loading. (D) In a hypothetical RISC-priming step, the
more stable end of the SiRNA repositions to the Ago2 PAZ domain, leading to a transient
intermediate in which the siRNA is coordinately bound by Dicer and AGO2. (E) Finally,

the siRNA is loaded into AGO2 with the 3’ end of the AS strand bound to the PAZ
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domain and the 5’ end bound to the Mid domain of AGO2. The AS and sense strands are
illustrated in red and blue, respectively. Figure adapted from the reference *. ............... 19
Figure 1.9 hAGO2 with an siRNA loaded in it. (top) A simplified diagram of AGO2
subunits interacting with an siRNA. (bottom) Classical siRNA structure; 21nt RNA
duplex with 2 nucleotide overhangs on each 3’ end. The antisense strand (“guide” strand)
is complementary to target mRNA. The sense strand (“passenger” strand) is
complementary to the guide strand. The guide strand contains the seed region at the 5'
end. Figure adapted from referenCe® ..o 21
Figure 1.10 Selected chemical modifications of internucleotide backbone. Phosphodiester
linkages form the backbone of natural DNA (X = H) and RNA (X=0H). Figure adapted
FrOM FEFErENCED. ..o 27
Figure 1.11 Selected chemical sugar-modified nucleoside analogues. Most of the
nucleotide analogues involve modification of the 2' position of RNA. Other modifications
include replacement of the ring oxygen with Sulphur; bridges between the C2' and C4'
positions of sugar; modified C4' nucleotides, and replacement of furanose with bicyclic,
tricyclic, or ring expanded analogues. Figure from reference®. ...........cccccocovvvevevernnnn. 30
Figure 1.12 (Top) Phosphoramidite monomers used in the automated solid-phase
synthesis of DNA and RNA oligonucleotides; (Bottom) A typical solid phase synthesis
cycle for the synthesis of DNA or RNA. Picture adapted from 170...........cccocoovvviirirnnnnn. 33
Figure 2.1 Expanding the nucleoside ring size, from five- membered, to 6-membered as
in Hexitol (1) andseven-membered as in first generation Oxepane (2)%°. Other examples

of nucleoside analogues previously reported in the literature (3-6).24 ......c.ccoovvvevennn 47
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Figure 2.2 (a) Structure and conformation of first generation oxpeane nucleoside® (a) and
oligonucleotide (b), and our strategy to move the phosphodiester linkage from 5' position
closer to the glycosidic bond at the 1' position (4' position shown here, as an example). 49
Figure 2.3 Stereoselective synthesis of oxepane nucleoside (8)..........cccocvevvviveiriiesinnnnn. 51
Figure 2.4 Regio/stereoselective synthesis of trinydroxy oxepane nucleoside 10............ 52
Figure 2.5 Regiochemistry of oxepane nucleoside 10 was assigned using the key 3Jum
COSY correlations between 1', 2" and 2", 3" and 3", and 4' (circled). .......ccccceevvervevrrennnne. 53
Figure 2.6 2D COSY and NOESY NMR experiments were performed in DMSO-ds to
assess the structure of nucleoside analogue 13. Key cross peaks are circled. .................. 55

Figure 2.7 COSY and NOESY NMR experiments were performed in DMSO-ds to assess

the structure of nucleoside analogue 14. Key cross peaks are circled. ............ccccovevveenene 56
Figure 2.8 Crystal structure of nucleoside 12. ..........cccoveveiieiecie e 57
Figure 2.9 Synthesis of chloro oxepane nucleoside 15...........cccccccviveiveve s 58

Figure 2.10 Lowest energy conformations of (a) 11 and (b) 10. Derivative 10 is a mixture
of boat and twisted boat conformations, and 11 is found exclusively in the chair
conformation. Supersposition of 10 (blue) with (c) C2'-endo thymidine (red) and (d) C3'-
T lo [N Vg Lo T e (o g o =) TSP 60
Figure 2.11 Schematic illustration of dihedrals angles that were subject a biasing
potential during our Bias-Exchange Metadynamics simulations (d1, d2, d3), and those
that were used as restraints during our quantum mechanical geometry optimization (d1,
A2, A3 AN ). e 71
Figure 3.1 Reported results by lonis Pharmaceuticals on 2'-5' modified siRNAs.?

Reduction of endogenous PTEN mRNA in HeLa cells by 2'-5-RNA/3'-5'-RNA duplexes
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is presented; S, sense strand; As, antisense strand;2'-5'-linked residues in underline italics;
TT overhangs with 3'-5'-linkages. Sample 5:2 with full sense strand modification (circled
in red) showed moderate gene silencing activity against PTEN mRNA. Figure from
TEFRIENCE 22 82
Figure 3.2 Schematic presentation of siRNA modification design: different positional
variations of 2'-5' linkages throughout the sense or antisense strands of an siRNA are
represented with yellow (5'-end strand modification), Red (central strand modification),
and blue (3'-end strand ModifiCation). ..........cccccviieiieiiiicee e 83
Figure 3.3 Assay demonstrating activity of 2'-5' modified siRNAs (n=2) at a range of
0.16, 0.8, 4, 20, 100 nM siRNA concentrations; Firefly luciferase levels were normalized
to total cellular protein and luciferase counts of cells treated with a scrambled non-
tArgeting SIRINAL. L. oo re et e e e et e e e e e e 86
Figure 3.4 Assay demonstrating the activity of siRNAs AS4p, AS5p, AS6p, AS8p, and
unmodified CTRL (control) with 2'-5' modification on their AS strand targeting firefly
luciferase mMRNA. All the antisense strands are 5'- phosphorylated chemically to bypass
enzymatic phosphorylation by kinase. The red segments in the duplex illustrations
represent the position of the 2'-5' modification within the antisense strand. "P" represents
tE 5'-PO GIOUP. «.eveeiteeie ettt ettt e te e te et e e e e sreesteenresnnenreeneens 87
Figure 3.5 Renilla reporter assay demonstrating activity of 2'-5' modified siRNAs

targeting P53 mRNA (n=2) at a range of 0.16, 0.8, 4, 20, 100 nM siRNA concentrations.

Figure 3.6 Comparison of immunostimulation prior to treatment with the SiRNAs

targeting 728UU. IFN levels were measured in PBMC cells 24 hours after sSiRNAs were
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transfected in duplicate using DOTAP. IFN-a levels (left graph) and IL-6 levels (right
graph) in response to unmodified control siRNAs (728UU ctrl) and control single
stranded RNAs (RNA-S and RNA-AS), is compared to 2'-5'- modified siRNAs (728UU-
25S and 728UU-25AS) and single stranded 2'-5' RNAs (2'-5'-S and 2'-5'-AS). Cells only
was the negative control with no reagents. DOTAP only treatment was transfection
without siRNA. Data were collected in duplicate for each of six donors. Bars indicate
StANAAIT JEVIALION. ...t 92
Figure 3.7 Positional screening of 2'-5' linked siRNAs targeting firefly luciferase. SIRNAs
are modified on the six nucleotides on the 5'- terminal of AS strand and are represented
by the number corresponding to their AS strand shown in Figure 3.4. siRNAs luciferase
activity is normalized to the negative control. sSiRNAs are arranged from the most active
SIRNA (#1) to the least active siRNA (# 56) The AS strand in these siRNAs has between
zero to six 2'-5' linkages statistically distributed among the six nucleotides. Each color
represents a group of siRNAs with the same number of modifications. Within each group,
the modification pattern corresponding to the AS strand of the most and least active
siRNAs areshown with an arrow underneath the graph. Sense strand of these SiRNAS is
OMILEA FOI CANILY. ....eivice et sre e 98
Figure 3.8 Kinase efficiency in radiolabelling 2'-5' linked RNAs. 2'-5' linked RNAs (Luc-
AS-49 and Luc-AS-64) are substrates of kinase. However, they undergo 5'-
phosphorylation less efficiently in comparison with unmodified RNA. Legend: 3'-5'
linked RNA, 2'-5" INKEd RNA. ......o i 100
Figure 3.9 EMSA profile of modified siRNA duplexes (RNA:2'-5'p and pRNA:2'-5'p)

and single strands (2'-5'p) targeting firefly luciferase and recombinant human AGO2.
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Among them, only pRNA:2'-5p was loaded into RISC. Experimental details are
provided in the experimental section. Legend: 3'-5' linked RNA, 2'-5' linked RNA....... 101
Figure 3.10 Titration profiles of 2'-5' modified sSRNAs (Luc-AS-49 and Luc-AS-64) as
well as the unmodified sSRNA with increasing concentrations of recombinant human
AGO2. The experiment was carried out using the dot-blot instrument. Legend: 3'-5'
linked RNA, 2'-5" lINK&d RNA. .....oooiiieiic e 102
Figure 3.11 Docked structures and root-mean-square deviation (RMSD) graphs from the
MD simulations of the 2'-5' linked siRNAs#49 (top) and #54 (bottom) and hAGO2.
hAGO?2 in the docked structures in presented in cartoon, each domain of the protein is
labelled in a different colour; siRNA backbone is presented in ball and stick with AS
strand in magenta and passenger strand in blue. RMSD graphs were calculated over 250
ns using equilibrated structures as the reference with hAGO2 displayed in black and
SiRNA displayed in red. Legend: 3'-5' linked RNA, 2'-5' linked RNA. .........c.cceeveee. 104
Figure 3.12 Non-covalent interactions between hAGO2 and 5' terminal of unmodified
SiIRNA (left) and siRNA 49 (right). Key interacting amino acid residues of hAGO2 are
labelled in both siRNAs. Most of non-covalent interactions between hAGO2 and siRNA
49 A FELAINEU. .....veteeeieieie bbbttt 105
Figure 3.13 Non-covalent interactions between hAGO2 and 5' terminal of unmodified
SiRNA (top) and siRNA 54 (left). Key interacting amino acid residues of hAGO2 are
labelled. Multiple non-covalent interactions between hAGO2 and siRNA 54 are lost.. 106
Figure 3.14 Clover leaf junction in an unmodified 3'-5' linked (left) versus a 2'-5' linked
(right) siRNA. Atoms comprising the dihedral angels are labelled. Clover leaf junction is

illustrated by @ dark HNe.........ccoooiiiie i 107
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Figure 3.15 Sugar conformation of AS strand nucleotides in unmodified (black bars)
versus 2'-5' modified (red bars) siRNAs 49 (top graph) and 54 (bottom graph). ........... 109
Figure 3.16 (a) Pictorial representation of base pair parameters of nucleic acid duplexes.
Each rectangle represents a base and the shaded region represents the minor groove edge
of the base pair. Pictures were adapted from #’ (b) Base pair step parameters of the
unmodified and modified siRNA duplexes from the averaged structure obtained from the
last 50 ns of the 250 NS MD SIMUIALIONS. .........cceiiiriiieiiccee e 112
Figure 3.17 (Top) Superimposed snapshot of unmodified (blue) and modified siRNA 54
(cyan) AS strands (sense strand is not shown for clarity), illustrating the deviations in the
backbone conformation an suboptimal intrastrand base stacking. RNA is represented as
sticks and the phosphate atoms is shows as yellow spheres. (Bottom) MD snapshot
depicting the base pair and base stacking architecture of g4-g5 step in unmodified and
modified siRNA 54. Base pairing of the (A) unmodified and (B) modified siRNA duplex.
Base stacking of the successive base pair steps in the (C) unmodified and (D) modified
SiRNA duplex. The black dashed lines indicate the WC H-bond between the bases. The
modified linkage is highlighted USING an arrOW. ...........cccoovveiieiiiiiese e 113
Figure 3.18 Melting profiles of siRNAs targeting firefly luciferase with 2'-5' modification
placed in the sense or antisense strands were followed by observing the change in
absorbance at 260 nm (A260) of duplex samples upon heating from 5°C to 90°C.
Duplexes were 1.5uM (3uM total concentration of strands) in phosphate buffer (140mM

KCI, 5mM Na2HPO4, 1mM MgCI2, pH 7.2). siRNA sequences are shown in Table 3.1.
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Figure 4.1 Schematic illustration of the mixmer strategy in the preparation of an siRNA
duplex with six linkage modified nucleotides in the AS strand. 2'-5' phosphoramidite and
3'-5' phosphoramidites are mixed in a 1:1 ratio. The mixture is used in the synthesis of the
SiIRNA AS strand. The synthesized mixture of strands is then treated as an RNA oligomer
and is complexed with the corresponding sense strand to form the sSiRNA mixmer...... 133
Figure 4.2 HPLC and LCMS chromatograms of a 2'-5/3'-5" mixmer RNA strand (shown
above) illustrating that different species within a 2'-5'/3'-5" mixmer cannot be separated or
characterized by HPLC or HRMS. (a) IE-HPLC chromatogram of the crude mixmer
product (b) RP-HPLC chromatogram of the IE-HPLC purified mixmer sample (c) HRMS
trace of the purified 2'-5'/3'-5' RNA mixmer product showing only a single species
corresponding to the unmodified RNA control eXact mass. ..........ccccceevvevveieeiesieeseene 134
Figure 4.3 Assessing the binding efficiency of 2'P amidites versus 3'P amidites during a
mixmer synthesis using ETT as activator. The sequence (top) shows the position of the
mixmer segment (mixmer) and the rU/rT mixmer (U). HRMS profile of a test mixmer is
shown. The circled peak envelope represents the (-3) charge state, which is deconvoluted
to the peaks shown in the bottom spectrogram. Each peak envelope is assigned with the
species it corresponds to within the mixmer product. Assessment of the areas under the
peaks show the relative coupling efficiency of 0.77:1 for 2'-5":3'-5' RNA amidites while
USING ETT @S @N ACHIVALOL. ...ccveeiiieicciicce et 136
Figure 4.4 Assay demonstrating activity of 2'-5'/3'-5' mixmer siRNAs (n=2) at a range of
0.16, 0.8, 4, 20, 100 nM siRNA concentrations; Firefly luciferase levels were normalized
to total cellular protein and luciferase counts of cells treated with scrambled non targeting

SIRNA. Comparison of mixmer AS-modified (shown here) with 2'-5" AS-modified
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siRNAs (shown in Figure 3.3) proves that while 2’-5" modification in the siRNA AS
alleviates the siRNA activity, mixmer modification in the siRNAs AS is very well
TOIEIALEM. ...ttt 138
Figure 4.5 Normalized CD spectra and UV melting profiles of selected 2'-5/3'-5" mixmer
and 2'-5' modified siRNAs targeting firefly luciferase. Sample sequences and
modification patterns are presented above. Legend: 2'-573'-5'" mixmer linked RNA, 2'-5'
linked RNA, 3-5"liNKed RNA. ..o 139
Figure 4.6 P53 assay comparing the activity of 2'-573'-5'" mixmer siRNAs (n=2); Renilla
luciferase levels were measured relative to the unmodified renilla reporter, Following the
treatment of the cells with mixmer siRNAs at a range of concentrations (0.16, 0.8, 4, 20,
F00 NIV et bbbt bbbt r et bbb b reanes 141
Figure 4.7 Comparison of immunostimulation prior to treatment with the SiRNAs
targeting 728UU. IFN levels were measured in PBMC cells 24 hours after sSiRNAs were
transfected in duplicate using DOTAP. IFN-a levels (left graph) and IL-6 levels (right
graph) in response to unmodified control siRNAs (728UU ctrl) and control single
stranded RNAs (RNA-S and RNA-AS), is compared to 2'-5'- or mixmer- modified
SiRNAs (728UU-25S and 728UU-25AS) and single stranded 2'-5'- or mixmer- modified
ssSRNAs (S and AS). Cells only was the negative control with no reagents. DOTAP only
treatment was transfection without siRNA. Data was collected in duplicate for each of six
donors. Bars indicate standard deviation. ...........c.ccooveiiiiiiiiiin e 143
Figure 4.8 (a) Positional screening of 2'-5' linked siRNAs targeting firefly luciferase in 64
library. siRNAs are modified on the six nucleotides on the 5'- terminal of guide strand

and are represented by the number corresponding to their guide strand shown in Table
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3.4. Comparison of the average of normalized luciferase activity levels for samples 1 to
64 (41%) with the luciferase activity level of 64 Mix sample (24%) shows that the
observed knockdown potency in the 64 Mix sample is not due to a simple average of the
potencies of all the 64 siRNAs. (b) Comparison of the activity of mixmer siRNAs with
1:1 and 1:1.3 ratios of 3'P: 2'P amidites with 64 Mix siRNA. Mixmer siRNAs show
similar potency to the native siRNA duplex. siRNA activity was tested at a range of
concentrations (0.16, 0.8, 4, 20, 100 NM). .....coiiiieiiieiieie e 146
Figure 4.9 ESI-MS profile for 2'-OMe/ANA (a) and RNA/FANA (b) mixmers.
Distribution of the peaks between the two margins represent the population of the
modified species within a miXmer SAMPIE..........cccveiiiii i 148
Figure 4.10 Luciferase assay illustrating the RNAI activity of X/Y mixmer siRNAS in
comparison with their control X and Y siRNAs. Mixmer strategy, in most cases, can help
enhance the RNAI activity of siRNA modifications that were otherwise not tolerated in
the AS strans. Modifications used in these assays are listed in Table 4.4. Assays were
performed in 5 different siRNA concentrations (0.16, 0.8, 4, 20, 100 nM). siRNA
sequence (MOdified FEGION): .....coieieee e 150
Figure 5.1 Canonical and noncanonical base pairing patterns in antiparallel (a) and
parallel (b,c,d) ds DNA. Arrows represent the geometry of the glycosidic bonds in WC,
rWC, and Hoogsteen base pairing modes. Purines in WC (a) and rwWC (b,c) modes adopt
the anti conformation, whereas the Hoogsteen mode (d) adopts a syn conformation. Note
that in i1soG:C and isoC:G base pairs (c) all three hydrogen bondings in the rwWC mode
are retained. WC and rWC base pairings are shown with dashed bonds, and Hoogsteen

base pairing is shown with hashed bonds. ............ccoviiiiiii i 161
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Figure 5.2 Strategy used in the design of parallel stranded duplexes targeting Bcl2 (see
(b)) in comparison with canonical antiparallel Bcl-2 siRNA duplex (see (c)). rWC ps-
duplex was stabilized through incorporation of isoG and isoC in the sense strand
(represented as iG and iC respectively). In both cases (b) and (c), the RISC is loaded with
an identical AS strand which is antiparallel to the target mMRNA and can elicit mRNA
cleavage. AS strand was either all RNA, or modified with 2'F-RNA (shown here).
Legend: DNA, iSO-DNA, 2-F-RNA, RNA . ......ooii e 165
Figure 5.3 UV melting profiles (5-95 °C) of parallel oriented samples iDD:R3 and
iDD:rF3 targeting P53 versus their antiparallel counterparts, D2:R3 and D2:rF3 (a).
Comparison of melting curves of iDD:R3 with iDD (ss) shows similar curves and
hyperchromicity, suggesting iDD:R3 has not formed a parallel duplex (b). In agreement
with previous evidences, native gel electrophoretic analysis of the library members, as
well as the single stranded components prove that parallel duplexes were not formed
under native gel conditions (see experimental methods for details) (C). ........ccccoveeveennne 167
Figure 5.4 UV melting profiles (5-95 °C) of parallel oriented samples iDD:R3 and
iDD:rF3 targeting CCND1 (a). Comparison of melting curves of iDD:R3 and iDD:rF3
with R3 and rF3 (ss) shows similar curve patterns, suggesting that parallel duplexes were
not formed (b). In agreement with previous evidences, native gel electrophoretic analysis
of the library members, as well as the single stranded components prove that parallel
duplexes were not formed under native gel conditions (see experimental methods for

details) Blue rectangle shows a band representing a higher order secondary structure (c).
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Figure 5.5 UV melting profiles of the single strand samples (left), as well as the parallel
controls D1:R3 and D1:rF3 (right), do not exhibit formation of any secondary structures.
The Azeo was monitored from 5- 95 °C with a heating rate of 0.5 °C/min..................... 173
Figure 5.6 UV melting profiles (5-95 °C) of siRNA duplexes targeting renilla firefly.
Comparison of melting profiles of parallel with antiparallel duplexes (a), DNA:RNA with
DNA:2'-FRNA hybrids (b), and RNA:RNA with RNA:2"-FRNA hybrids (c). ............. 174
Figure 5.7 Native gel electrophoretic analysis of parallel and antiparallel blunt ended
SiRNA duplexes targeting renilla luciferase (details in experimental section). Sequences
of these samples are Shown in Table 5.4.........cccooviiii i 175
Figure 5.8 (Up) CD spectra of 21-bp parallel (iDD:R3 and iDD:rF3) and antiparallel
(D2:R3 and D2:rF3) siRNAs targeting renilla. CD Spectra was collected every 10
degrees from 10-90 °C in buffer containing 140 mM KCI, 1 mM MgCl;, and 5 mM
Na;HPO4, at pH 7.2 with single strand concentration of 10 uM + 10 pM. (Left)
Comparison of CD spectra iDD:R3 parallel duplex vs. D2:R3 antiparallel duplex at 10
B OO TP TP UPTPPRTRPTPTRPPRN 177
Figure 5.9 Imino region of the 1D *H-NMR spectra of parallel iDD:R3 vs. antiparallel
D2:R3 duplexes at different temperatures. Buffer condition: 25 mM sodium phosphate,
100 MM NACH AL PH 7.ttt enes 179
Figure 5.10 Knockdown of renilla luciferase in HEK293T cells by parallel and
antiparallel siRNAs targeting renilla (a). Unmodified parallel samples, as well as single
stranded AS strands were separately tested against renilla luciferase as negative controls
(b). Sequence of samples are available in Table 5.4. All samples were tested at 0, 2.5, 10,

and 40 NIM CONCENTIALIONS. ..o 180
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Figure 5.11 Renilla luciferase dual reporter assay demonstrating the effect of AGO2
knockdown on the potency of parallel and antiparallel siRNAs iDD:R3 and R2:R3
against renilla mRNA knockdown. siCON represents the nontargeting negative control.
The experiment is run in duplicates, with statistical tests for R;R3 and iDD:R3 run
separately against “R2:R3 +siCON” and “iDD:R3 +siCON”-treatments respectively.
Error bars represent standard error of the mean (SEM). The potency of both parallel and
antiparallel siRNAs is significantly decreased by siAGO2 combo-treatment, supporting
the claim that antiparallel duplexes are working through canonical RNAI pathway. .... 183
Figure 6.1 In vitro hAGO2 siRNA loading assay using immunoprecipitation on Hela cells
extract. SIRNAs (left) were radiolabelled either on their sense or antisense strands and
their loading into hAGO2 was separately assessed (top). sSiRNA linkage modification in

the AS strand was found to reduce the siRNA loading (sense + AS) in hAGO2............ 201
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CHAPTER 1:INTRODUCTION

1.1  Nucleic acids as the building blocks of life
"Wir wollen nicht nur wissen wie die Natur ist (und wie ihre Vorgange ablaufen), sondern wir
wollen auch nach Mdglichkeit das vielleicht utopisch und anmassend erscheinende Ziel

erreichen, zu wissen, warum die Natur so und nicht anders ist.

[We not only want to know how nature is (and how her transactions are carried through), but we
also want to reach, if possible, a goal which may seem utopian and presumptuous, namely, to

know why nature is such and not otherwise.] Albert Einstein " !

Nucleic acids are the vital molecules that are fundamental for carrying the genetic material of life
in all living cells. These building blocks are elegantly assembled by polymerase enzymes within
the cells to yield two major forms of genetic material: Deoxyribonucleic Acid (DNA) and
Ribonucleic Acid (RNA). It was the discovery of DNA as the carrier of the hereditary
information that focused immediate attention on elucidation of its structure and biological
function.?

Even though the primary structure of DNA building blocks was earlier known,*’ the three-
dimensional DNA double helix structure was only discovered later in 1953 by James Watson and
Francis Crick, with major scientific contributions from Rosalind Franklin and Maurice Wilkins.
This model now could readily accommodate all previous experimental observations, as well as
offering viable hypothesis on DNA replication derived from the Watson-Crick base paired
complementary strand. Nobel prize in physiology or medicine in 1962 was awarded to Watson,

Crick and Wilkins (unfortunately Franklin had passed away by this time, although her
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contributions were unquestionably worthy of the prize) for participating in this significant
scientific breakthrough.

Since the discovery of DNA double helix, DNA and RNA have been studied in exquisite details
and their chemical and biological properties are firmly established, owing in part to the
development of efficient and automated DNA and RNA synthesis.® ® Due to their availability,
synthetic nucleic acids and their analogues have vastly been utilized in medicine as therapeutics
(gene silencing oligonucleotides, anticancer/antiviral agents), as molecular diagnostics for
identifying disease related genes, as well as in basic research.0-*2

This thesis focuses on developing nucleic acid analogues for therapeutic purposes, using either

novel or commercially available synthetic building blocks.
1.2 Nucleic acid structure and function'® 14

1.2.1 Natural nucleotides and nucleosides

DNA and RNA are biopolymers consisting of building blocks, called nucleotides, that can reach
in length to up to millions of units. An array of nucleotides is referred to as an oligonucleotide
(ON). Each nucleotide consists of three components: a pentose sugar, a phosphate group, and a
nitrogen containing heterocyclic base (nucleobase) (Figure 1.1). DNA is composed of 2'-
deoxyribonucleotides, whereas RNA is composed of ribonucleotides. The major bases are
monocyclic pyrimidines or bicyclic Purines: purines consist of Adenine (A) and Guanine (G) and
are found in both DNA and RNA; pyrimidines consist of Cytosine (C), Thymine (T) and Uracil
(V), with cytosine found in both DNA and RNA, and Thymine and Uracil found in DNA and
RNA, respectively. Each nucleobase is connected to the anomeric carbon of the sugar unit (C1")

through a  linkage to the N-1 nitrogen of pyrimidines and the N-9 nitrogen of purines.



Nucleotide units in oligonucleotides are connected to each other through a phosphodiester

linkage, which connects the 5'-hydroxyl group of one nucleotide to the 3'-hydroxyl group of the

next one (Figure 1.1c). By convention, single strands of DNA and RNA sequences are, written

in a 5'-to-3' direction. This linear sequence constitutes the primary structure of nucleic acids.
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Figure 1.1 Structural components of nucleic acids. (A) Structure of nucleotides and nucleosides:
nucleosides consist of a heterocyclic base and a ribose (RNA) or deoxyribose (DNA) sugar. Nucleotides
are phosphate esters of nucleosides. (B) Watson-Crick base pairing relies on H-bonding interactions
between appropriately positioned H-bond donors and acceptors of complementary purine and pyrimidine
nucleobases. Arrows represent the cis geometry of the glycosidic bonds of the two strands relative to each
other. (C) The primary structure of DNA and RNA nucleic acids, with X=H, OH and R=CHs,H for DNA

and RNA respectively.



1.2.2 Nucleoside conformation

Nucleoside sugar rings are twisted out of plane to adopt the most stable conformation with
minimized ring strain and non-bonded interactions between their substituents. The sugar rings
are free to explore a conformational space, which is described as sugar “puckering”. By
convention, the conformation of nucleoside sugar rings is numerically described using a phase
angle value (P) shown diagrammatically in the “pseudorotational wheel” in Figure 1.2.1°

Natural nucleosides generally adopt the North (C3'-endo, C2'-exo0) or South (C2'-endo, C3'-ex0)
conformation. These conformation minima are in equilibrium with each other and while

interconverting, pass through the East (O4'-endo) conformation (Figure 1.2).

HO\ Base

288° /... i ______ 72° HO
West [ "N QY7 East 0
O4"-exo = P O4'-endo Base
............. HO

108° X

Figure 1.2 The psudorotational wheel and the corresponding sugar pucker notations adopted by
nucleoside sugars. Areas circled in blue denote the most stable puckers of natural nucleosides: North or
C-3'endo sugars are found in A-form RNAs and South or C-2'endo sugars are found in B-form DNAs.
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While ribonucleosides have conformations almost evenly distributed in between North (51%)
and South (49%), deoxyribonucleosides have a slight preference for the South (~65%)
conformation.® 1 For most substituted furanose sugars a combination of factors such as steric,
anomeric and gauche effects participate in shifting the conformation equilibrium towards one of

the puckers, significantly populating a limited segment of the pseudorotational wheel.

1.2.3 The double helix

The double helix is composed of two right handed helical polynucleotide chains coiled around
the same central axis. The two strands of the double helix are antiparallel, that is, their 5'-to-3'
phosphodiester linkages run in opposite directions. The hydrophobic bases are inside the helix
and are paired to each other via hydrogen bonding interactions, whereas the hydrophilic
phosphate groups are located on the outside exposed to water. Earlier observations from Erwin
Chargaff suggested that total amount of pyrimidine nucleotides (T+C) always equals the total
amount of purine nucleotides (A+G). Furthermore, the amount of T always equals the amount of
A, and the amount of C always equals the amount of G, but the amount of A+T is not necessarily
equal to the amount of G+C.*® G pairs with C, and A pairs with T, via three and two hydrogen
bonds, respectively (Figure 1.1b). The Watson and Crick (WC) model of double helix is in full
agreement with Chargaff's findings, and suggests how the genetic information can be subject to

replication and transcription with fidelity and precision.


https://www.ncbi.nlm.nih.gov/books/n/iga/A4529/def-item/A4530/
https://www.ncbi.nlm.nih.gov/books/n/iga/A4529/def-item/A4859/

Our current understanding of the nucleic acid secondary structure has vastly progressed by
means of structural techniques such as NMR and X-ray crystallography. It is now recognized
that the structure, thermodynamic stability and dynamics of nucleic acid structures are governed
by many factors that are beyond mere interstrand WC hydrogen bonds. For example, aromatic n-

T base stacking of adjacent bases stabilize the duplex,’®?® whereas electrostatic repulsion

A-form Helix B-form Helix

Minor Groove

A-form helix B-form helix
Helix Right handed Right handed
Sugar pucker C2'-endo C3-endo
Nucleotide/turn 11 10
Maijor groove depth ~13.5A ~8.8 A
Major groove width ~2.7A ~11.7A
Minor groove depth ~2.8 A ~75A
Minor groove width ~11A ~5.7 A

Figure 1.3 Top: a comparison of the A-form and B-form helical structures in dsSDNA. Bottom: some
helical parameters of A-form and B-form duplexes®®.
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between the negatively charged phosphates of the neighboring strands destabilize the duplex.?’
The final structure of a nucleic acid is the result of the balance among all these noncovalent
interactions.?®20 It has also been discovered that DNA can adopt a range of different helical
structures, owing in part to its flexible sugar moieties and other factors, such as base sequence,

ionic strength, binding by small molecules, etc.3!-%¢

Inside the cells, duplex DNA is assumed to adopt a B-form helical structure. Double stranded
(ds)-RNA, on the other hand, prefers an A-form helical structure. B-form helices have a wide
major groove and a narrow minor groove, while A-form helices have a deep major groove and a
wide minor groove (Figure 1.3). Differences in A-form and B-form helices are attributed to the
divergence of sugar pucker at their nucleotide level; nucleotides in B-form ds-DNA are assumed

to adopt a South sugar pucker, whereas in A-form ds-RNA they adopt a North sugar pucker.
1.3 Unconventional nucleic acid structures

1.3.1 Beyond the Watson-Crick base pairing

More than six decades of research performed in the field of nucleic acids has revolutionized our
understanding of DNA and RNA structure and function. Beyond the original canonical W-C
helix, there are many more structures that DNA and RNA can adopt. For example, a variety of
noncanonical arrangements have been observed, such as i-motifs, G-quadruplexes, and parallel
duplexes.>*° RNA, likewise, was found to have a variety of structures of its own.* 42

The formation of nonstandard structures, in DNA or RNA, stems from the fact that nucleobases,
and even the sugars, have multiple sites for H-bonding. Different RNA base pair systems can be
categorized based on their hydrogen binding sites (The Watson Crick (WC) edge, the sugar edge,

and the Hoogsteen or the "C-H" edge), as well as the relative orientation of the glycosidic bond
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Cis orientation of the Glycosidic Bonds

Trans orientation of the Glycosidic Bonds

Figure 1.4 Identification of H-bonding edges and glycosidic bond orientations in RNA. Hydrogen
bonding axis (axis of interaction) is shown in gray. Picture taken from reference .

to each other (Figure 1.4). While both the W-C and Hoogsteen edges involve the nucleobase in
hydrogen bonding, the sugar edge involves the ribose group, where in the case of RNA only, is
able to from hydrogen bonding via the 2'-hydroxyl group efficiently.*

As previously mentioned, the canonical hydrogen bonding motif in DNA and RNA is a WC to
WC -edge interaction, with the glycosidic bond that is cis oriented relative to the axis of
hydrogen bonding. However, nucleobases could hydrogen bond via either of their edges with
each other, and with glycosidic bonds in cis or trans orientations relative to the axis of
interaction. Different variety of hydrogen bond interactions depending on their bonding edges

and the glycosidic bond orientation are listed in Table 1.1.



Some of these structures with unusual hydrogen bonding pattern include parallel duplexes,*+
triplexes,*° G-quadruplexes,®>® and i-motifs®* > (Figure 1.5). Unlike canonical duplexes that
have their strands arranged in an antiparallel orientation, parallel stranded duplexes have both
their strands arranged in a parallel orientation with regard to each other (both in 5 to 3'
orientation) to construct the duplex. This noncanonical structure becomes feasible under
unnatural chemical or environmental conditions. Parallel stranded duplexes will be discussed in

more detail in Chapter 5 of this thesis.

Table 1.1 Different types of base pairs formed by natural bases defined by the relative orientation of the
glycosidic bonds of the interacting bases and the edges they use.

Glycosidic bond Nucleobase interacting edge Strand orientation
orientation
Cis WC/WC Antiparallel
Trans WC/WC Parallel
Cis WC/Hoogsteen Parallel
Trans WC/Hoogsteen Antiparallel
Cis WC/sugar edge Antiparallel
Trans W(C/sugar edge Parallel
Cis Hoogsteen/Hoogsteen Antiparallel
Trans Hoogsteen/Hoogsteen Parallel
Cis Hoogsteen/Sugar edge Parallel
Trans Hoogsteen/Sugar edge Antiparallel
Cis Sugar edge/Sugar edge Antiparallel
Trans Sugar edge/Sugar edge Parallel
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Figure 1.5 Representations of some common noncanonical hydrogen bonding schemes found in: (a) and
(b) parallel duplexes and (d) G-quadruplexes. Schematic illustrations of antiparallel and parallel
duplexes (c) and some variations of G-quadruplexes (e). The WCl/reverse WC base pairing is shown with
dashed bonds, and Hoogsteen/reverse Hoogsteen base pairing is shown with hashed bonds.
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1.3.2 Beyond the 3'-5" linkage: 2'-5" linked RNAs

The structure of nucleic acids is not limited to the conventional 3'-5' linkage seen in DNA and
RNA. In the contemporary world, the majority of phosphodiester linkages of RNA are 3'-5'
linked. Yet, 2'-5' linkages still exist in the following cases: (1) lariat RNA introns contain both 3'-
5' and 2'-5' linkages,*®® (11) 2'-5' oligomers of adenosine are formed by 2'-5' oligoadenylate

synthase during the interferon antiviral response,®® ®; and (111) in vitro ligation of an RNA-DNA

junction has been reported to generate a 2'-5' linkage in the DNA backbone.®® Furthermore,
"RNA world" hypothesis suggests that during the prebiotic era, when enzymes did not exist to
govern the regiospecificity of RNA synthesis, the internucleotide linkage could form either
through the 3'-OH or the 2'-OH group. As a result, during the nonenzymatic copying of an RNA
template by primer extension, either the 2’ or the 3' OH of the last nucleotide of the primer could
attack the phosphate of the incoming activated monomer, generating either a 2'-5'- or a 3'-5'-
linkage. The complementary strand would therefore have a mixture of 2'-5’- and 3'-5'-linkages
(Figure 1.6).

RNA backbone heterogeneity was initially thought to disrupt the folding and subsequently the
function of RNAs. This matter would have been a big issue especially with regard to the "RNA
world" hypothesis. The RNA world theory, as described by evolutionary scientists, portrays an
early stage in the evolution of life when RNA molecules did not only function in the transfer of
genetic information, but also they served as the main functional polymer of biochemistry,
involved in all aspects of life.5 % As a result, the ability of RNA molecules to fold into defined
three dimensional structures with exquisitely specific molecular recognition and catalytic

properties becomes the conceptual basis to this theory.
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Figure 1.6 (a) Enzymatic synthesis of RNA results in completely uniformed 3'-5' phosphodiester linkage
between nucleotides (homogenously linked 3'-5' RNA). (b) Prebiotically plausible synthesis of RNA,
however, generates random distribution of 2'-5' and 3'5 linkages within an RNA strand (heterogeneously
linked 2'-5'/3'-5' RNA). A heterogeneous RNA strand containing one 2'-5' linkage is shown here.

A central question in the origin-of-life field concerns the pathway from which the
heterogeneously linked RNA synthesized under prebiotic conditions has retained its function to

produce all forms of cellular life. Researchers have shown that homogeneous linkages (all 3'-5’
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linkages) might not have been necessary for functional RNAs to retain their activity, as long as
the heterogeneously linked RNAs (mixture of 3’-5’ and 2'-5' linkages) could still fold into tertiary
structures able to show reproducible function.®* In a more recent work by Szostak and co-
workers, it was shown that ribozymes (RNA with catalytic activity) containing up to 25% 2'-5'
linkages randomly distributed along the oligonucleotide chain were able to retain the catalytic
activity observed for the all-3'-5' ribozyme.®® In another report by Wang and co-workers,
incorporation of 2'-5' linkages in the DNA primer was investigated on the efficiency of RNA
synthesis by RNA polymerase 11.% They demonstrated that RNA polymerase 1l cannot tolerate
and bypass linkage heterogeneity sites in the template, and would pause at 2’-5' linkage sites.
More investigation on the interactions of 2'-5' linked RNAs with modern day proteins will be

more discussed in Chapter 3 of this thesis.

1.4  Cellular RNA®’

The Central Dogma of biology describes the flow of genetic information in cells from duplex
DNA, to messenger RNA (mRNA), to proteins. DNA as the genetic material is kept in the
nucleus; hence RNA acts as a shuttle in between the nucleus and the cytoplasm transferring the
blueprint for protein synthesis to ribosomes. This process happens in two main steps:
transcription of DNA to RNA in the nucleus and translation of the RNA in to protein outside of
the nucleus. The RNA transcript produced in the nucleus, called precursor mMRNA (pre-mRNA),
is later processed in the cytoplasm during splicing to form the mature messenger RNA (MRNA).
During splicing, the non-coding (intron) regions are removed to join the coding (exon) regions
producing the mature mRNA. The mRNA is subsequently processed (translated) by the ribosome
into functional proteins, utilizing the amino acylated transfer RNA (tRNA) adaptor molecules to

build the polypeptide chain.
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Gene expression is an extremely controlled and regulated process in cells. Consequently,
problems in the regulation of gene expression are associated with several diseases including
cancer. Gene expression regulation can occur at different stages, i.e., transcription, post-
transcription, translation, or post-translation. Chapters 3-5 of this thesis are mainly focused on
designing nucleic acid probes to control gene expression at the post-transcriptional level, through

MRNA degradation pathways.

1.5  Synthetic oligonucleotides as gene silencing therapeutics

A direct outcome of WC base pairing is that an oligonucleotide can be designed to bind
specifically to a region of DNA or mRNA. This complementary oligonucleotide is called
antisense strand and the target DNA or mRNA is referred to as the sense strand. In 1978
Zamecnik and Stephenson showed that an oligodeoxynucleotide can bind to a specific nucleic
acid sequence in the cell, and inhibit the translation of a viral mMRNA into the protein.®® This
pioneering work demonstrated the potential of oligonucleotides for targeting any specific
malfunctioning gene and silent its translation. Moreover, it paved the way for the discovery of
several other hybridization-mediated techniques that are used to disrupt gene function in vivo.
Synthetic oligonucleotides (ONs) and their chemically modified mimics are now routinely
utilized in laboratories to study the roles and control the expression of therapeutically relevant
genes in living systems. ONs are also under active investigation in the clinic, with four FDA-
approved drugs for the treatment of cytomegalovirus (CMV) retinitis (Fomiversen; withdrawn
from the market)®®, wet age-related macular degeneration (Macugen)’®, severe
hypercholesterolaemia (Mipomersen)’t, and duchenne muscular dystrophy (Eteplirsen), and
many others in final stages of clinical trials. In addition to antisense ONs (AONSs),”%"* several

other classes of ONs are being developed for controlling gene expression, including small
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interfering RNAs (siRNAs),” and microRNA-targeting ONs (anti-miRNAs and antagomirs),’®
aptamers,”” DNA/RNAzymes,’® " and immunostimulatory NAs®. Chapters 3, 4, and 5 of this
thesis focus on the design, development, and mechanistic investigation of chemically modified
siRNAs. Therefore, the remaining sections of this chapter will focus on RNA interference

(RNAI) as mediated by siRNAs.

1.6 RNA interference (RNAI) mediated gene silencing: miRNA and siRNA

The observation that dsSRNA sharing sequence with a cellular mMRNA (Onc-22) can silence the
expression of that gene in C. elegans led to the discovery of RNAI pathway.’* Following this
discovery, it was found that RNAI pathway could also be triggered in mammalian cells using
21nt-long dsRNA duplexes.” Nobel prize in physiology was awarded to Andrew Fire and Craig
Mello in 2006 for this discovery. Through RNAI, cells can achieve post-transcriptional gene
expression control by means of microRNA (miRNA) expression as illustrated in Figure 1.7.
Transcription of intergenic or intronic DNA regions®! results in the formation of primary miRNA
(pri-miRNA) hairpins in the nucleus. These hairpins are then processed by a protein called
Drosha to form dsRNA duplexes featuring a hairpin loop with imperfect sequence
complementarity, termed precursor miRNA (pre-miRNA). At this point, pre-miRNAs are
exported out of the nucleus and further processed by Dicer, an endoribonuclease usually
accompanied by an associated dsRNA binding protein, TRBP, to remove the loop and form the

mature miRNA 8284
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Figure 1.7 mRNA-targeting by miRNA and siRNA. miRNAs, once loaded into the RISC, are capable of
recognizing and binding partially complementary mRNAs, especially those with sequence
complementarity to the miRNA "seed region”. As an outcome of this, gene expression decreases, adding
an additional layer of post-transcriptional control over gene expression. Anti-miRNAs can target and
inhibit miRNAs. Synthetic sSiRNAs, mimicking natural miRNAs, can be introduced into cells to make use

of the cellular RISC machinery for mRNA gene silencing. Figure adapted from reference .
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miRNAs are dsRNAs with imperfect complementarity that have 2nt-long 3’ overhangs. Once
recognized, miRNAs are loaded into a complex of enzymes and proteins known as the RNA-
Induced Silencing Complex (RISC). Phosphorylation of the 5' termini of the miRNA duplex is
required for loading into RISC. One of the two 21-nt long miRNA strands called the “passenger
strand” (or sense strand) is unwound and then discarded, whereas the remaining strand called the
“guide strand” (or antisense (AS) strand) is selected and utilized in the mature RISC complex to
continue the process. Finally, the mature RISC complex containing the guide strand, binds the
MRNAS to inhibit their translation either via translational arrest or mMRNA cleavage; the choice
of which is determined by the extent of sequence complementarity between the miRNA guide
strand and the mRNA target. Translational arrest happens when there is partial complementarity
between the guide strand and mMRNA, where mMRNA recognition by RISC and mRNA cleavage
results only when there is near full complementarity.® In most of the cases, miRNAs are only
partially complementary to their mRNA targets, rendering translational arrest to be the more
common outcome.

A necessary feature for miRNAS to trigger gene silencing is to have complete complementarity
with the 3' UTR of the mRNA. Binding occurs via a 7-nt “seed region” within the miRNA AS
strand (nucleotide #2 to #8, from 5'-terminus) and the target mMRNA. %

Short interfering RNAs (siRNAs) are chemically produced double-stranded RNAs, typically 21-
24nt in length with 2nt 3" overhangs. They are different from miRNAs in that the AS strand of
SiIRNAs is designed to be fully complementary to their target mMRNA. One of the two strands of
the siRNA is loaded into RISC, while the other strand is cleaved and unwound from the AS

strand and is sometimes discarded.8”- 88
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In flies, two other proteins (Dicer-2 and R2D2) interact with siRNAs to facilitate loading into
RISC.8* 8 However, in mammals, the mechanism by which RISC loading occurs is less
understood; in some cases, Dicer is not required for siRNA loading.®® In theory, either one of the
SiIRNA strands could be picked as AS strand, especially since both 5 terminals are
phosphorylated. Several studies suggest that “strand selection” is based on several factors
including duplex thermodynamics, the presence of a 5' phosphate, and the base sequence at the 5'
terminus of the strand. Duplex thermodynamics govern the strand selection by favoring the
strand with the least tightly bound 5’ end as the AS strand.®® ° Also, the presence of a 5'
phosphate is critical for binding of the AS strand within RISC, so if one strand lacks the 5'
phosphate group it will not be designated as the AS strand.*> The 5' phosphate group can be
added either synthetically, or enzymatically, using an endogenous kinase such as Clpl, and is
essential to the correct loading orientation of the AS strand.®

Human cells encode a single Dicer enzyme that can associate with two different double-stranded
RNA (dsRNA)-binding proteins, protein activator of PKR (protein kinase R) (PACT) and trans-
activation response RNA-binding protein (TRBP). A model proposed by Doudna and co-workers
highlights the role of these proteins in strand selection (Figure 1.8).%* According to this model,
dsRNA is first processed in a catalytic region of Dicer to form an siRNA or miRNA product. The
dsRNA is then repositioned within Dicer to make contacts with its helicase domain. While TRBP
(or PACT) interact with the dsRNA on its more stable end, Dicer interacts with the less stable
end of the duplex, spatially orienting the duplex for a subsequent loading step in the Argonaute 2
(AGO?2) protein. AGO2 protein is an endonuclease responsible for cleavage of the mRNA with
catalytic turnover, and is made of four main domains: N-terminal, PAZ, MID, and PIWI (Figure

1.9).%% During the AGO2 loading, TRBP (or PACT) proteins hand off the stable end of the
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duplex to the PAZ domain of AGO2 (Figure 1.8). This model proposes a mechanism for AS
strand selection based on siRNA duplex thermodynamic asymmetry, and is in agreement with
previous observations that the siRNA strand with the least tightly bound 5’ end frequently
becomes the AS strand.% %

As mentioned above, following the guide strand selection and binding to the mMRNA, mRNA
cleavage happens by AGO2. Argonaute family of proteins are responsible for the endonuclease
function of the RISC complex. The Argonaute family in humans has four members: hAGO1,
hAGO2, hAGO3, and hAGO4, from which only hAGO2 has endonuclease (slicer-type) activity,
and is therefore the subject of many studies as the core catalytic component of the RNAI
pathway.?® MID domain of the hAGO2 is anchored to the 5' end of the AS strand, while the PAZ

domain holds the 3' nucleotide of the AS strand (Figure 1.9), keeping the AS strand in the

)+ 9-9-9

A Dicing B Product Release C Asymmetry Sensing D RISC-Priming E RISC-Loading

More Stable End
3 5
Less Stable End

Figure 1.8 Model for dsRNA positioning by the human RISC-loading complex. (A) Human Dicer
recognizes and orients dsRNA substrates along its catalytic domain, with the correct positioning in the
active site, ready for cleavage. (B) Following the cleavage, the nascent siRNA product is released from
Dicer to be repositioned. (C) Dicer and TRBP or PACT bind the siRNA, to position them along Dicer’s
helicase domain for asymmetry sensing. Dicer prefers to binds to the less stable end of the duplex,
whereas the TRBP binds the more stable end, placing the 3’ end of the AS strand near the PAZ domain of
AGO?2 prior to RISC loading. (D) In a hypothetical RISC-priming step, the more stable end of the sSiRNA
repositions to the Ago2 PAZ domain, leading to a transient intermediate in which the SiRNA is
coordinately bound by Dicer and AGOZ2. (E) Finally, the siRNA is loaded into AGO2 with the 3’ end of
the AS strand bound to the PAZ domain and the 5’ end bound to the Mid domain of AGO2. The AS and
sense strands are illustrated in red and blue, respectively. Figure adapted from the reference .
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correct orientation.®® % Upon binding of the 5' phosphate to the 5' binding pocket, the 5'
nucleotide of the AS strand bends away from the rest of the AS strand seed region, and therefore,
becomes unavailable to the upcoming mRNA for complementarity recognition and binding.%: %
Following that, the PIWI subdomain of hAGO2 uses the two magnesium ions to catalyze the
cleavage of the target mRNA.% % This cleavage of either the siRNA passenger strand or the
target mMRNA occurs between the nucleotides paired to nucleotides 10 and 11 of the hAGO2 AS
strand (from the 5 end).10%-104

It is yet not known what happens to the sSiRNA passenger strand after it is loaded into RISC.
However, at least three different mechanisms have been proposed: [I] upon loading of the SIRNA
guide strand in the hAGO?2, the passenger strand is cleaved by the PIWI subdomain and is
released subsequently;® [I1] in a process independent of passenger cleavage process (1), an ATP-
dependent helicase unwinds and releases the passenger strand;®® and [l11] the passenger strand is
cut by the hAGO?2, eliciting the subsequent passenger strand degradation by C3PO (the third
component promoter of RISC).1® It has been observed that in most cases, chemical
modifications at the cleavage site of the passenger strand can interfere with passenger strand
cleavage, especially 2' modifications at the scissile nucleotide position.®: 1% 197 However, RISC-
mediated passenger strand cleavage results in the formation of a 3'-OH fragment as well as a 5'-
phosphate fragment, which suggest that an available 2'-OH -to form the 2’-3’ cyclic phosphate as
observed for some other nucleases- is not necessary.'%” In any case, it is clear that the RISC
complex has an essential role in the RNAI pathway, and therefore, understanding and optimizing

SIRNA interactions with the RISC is of great importance to improve the potency of siRNA

therapeutics.
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Figure 1.9 hAGO2 with an siRNA loaded in it. (top) A simplified diagram of AGO2 subunits interacting
with an siRNA. (bottom) Classical siRNA structure; 21nt RNA duplex with 2 nucleotide overhangs on
each 3’ end. The antisense strand (“guide” strand) is complementary to target mRNA. The sense strand
(“passenger” strand) is complementary to the guide strand. The guide strand contains the seed region at
the 5' end. Figure adapted from reference®.

1.7 Chemical modifications of nucleic acids

Despite of the high potency exhibited by oligonucleotide therapeutics in vitro, there are many
shortcomings that preclude the use of oligonucleotides in vivo: [1] their poor extracellular and
intracellular stability; [2] low efficiency of intracellular delivery to target cells or tissues; and [3]
the potential for “off-target” gene silencing, immunostimulation, and other side effects. A
solution to overcome many of these shortcomings is the chemical modification of nucleic acids. The
following sections will discuss in more details the challenges in the ON therapeutic field and how

chemical modifications can help alleviate some of these issues.
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1.7.1 Challenges in the oligonucleotide therapeutics field

Previous studies have demonstrated that unmodified nucleic acids, particularly RNA, have
limited stability in biological media and are rapidly degraded by nucleases.'® This, results in
shortened duration of activity and delivery challenges for such molecules. Moreover, they have
poor pharmacokinetic properties; they weakly bind to plasma proteins, are filtered by the kidneys
and ultimately excreted in the urine rapidly after in vivo administration. Finally, highly
negatively charged nature of oligonucleotides, prevents them from crossing the cell membrane
and reaching the cytoplasm.'® From a medicinal chemistry perspective, key attributes for
enhancing the drug-like properties of oligonucleotides include enhancing binding affinity for the
target RNA, enhancing stability against nuclease mediated metabolism, improving
pharmacokinetic properties, and maintaining (or improving) the ability to elicit a functional gene
silencing response 8> 110. 111

Fortunately, many of the obstacles hindering the progress of ON therapeutics have been
overcome by development and incorporation of a vast array of ON chemical modifications.
These nucleic acid analogues are often rationally designed to adjust many of the inherent
properties of ONSs, resulting in their improved nuclease stability, biological application, and
potency without altering their sequence.!!

A more challenging hurdle to overcome, however, has been the delivery of the ON therapeutics.
Many approaches have been developed to achieve efficient cellular delivery of ON therapeutics,
namely: covalent attachment of ONs to chemical or biologically relevant moieties, in order to
facilitate their cellular update. Also, ONs can be attached to delivery vehicles in order to
encapsulate and shield the ON from degradation, as well as facilitate their cellular uptake.'?116

Another well-known side effect of treatment with ON therapeutics is the knockdown of
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unintended genes known as Off Target Effects (OTES). This side effect is more prominent with
the use of siRNAs, but is also observed with AONSs. Due to the hybridization-dependent nature
of the ON therapeutics, OTEs happen when there is partial complementarity between the ON
target and an mRNA other than the intended target.

In the case of siRNAs, OTEs can also happen when the passenger strand is selected to load in the
RISC, instead of the guide strand. As a result, the RNAi machinery targets a completely different
MRNA and results in unintended gene knockdown. Another possible pathway for OTESs is when
SiRNA acts as a miRNA. miRNAs recognize their target only based on seed region
complementarity, and therefore, when an siRNA functions as a miRNA, there are many possible
mRNAs sharing similar short stretch of nucleotides that can be targeted resulting in OTSs.12 1%/
OTEs can be overcome by chemical modification of siRNAs passenger or guide strands.
Chemical modification of passenger strand has been developed as a method to prevent the RISC
from selecting siRNAs passenger strand as guide strand by mistake, as the RISC is not able to
tolerate many chemical modifications in the guide strand. Nevertheless, some modifications have
been shown to be accepted in the guide strand by the RISC, and this allowed for another
approach through which modifications were introduced in the guide strand seed region in order
to weaken the seed pairing with its complementary strand (passenger or mRNA). Seed region
weakening can assist guide strand selection in two ways: (a) by introducing thermodynamic bias
in the siRNA duplex rendering the 5' end of guide strand as the weaker end of the duplex and
hence help the RISC in picking the correct strand as guide, and (b) by weakening the seed
pairing with the binding mMRNAs and therefore, differentially destabilize the guide strand with
seed-only matched targets.'*8121 A recent work by Beal and co-workers demonstrates a new

approach in reducing OTEs via a special base modification incorporated in the first 5' end
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nucleotide of the guide strand. It is proposed that the selectivity of the hAGO2 for target mMRNAs
were tuned in this method via projection of the nucleobase substituent group in to the central
cleft of the enzyme.!*®

Finally, another potential side effect that is associated with ON therapeutics is
immunostimulation.t?2124 Different cellular immune receptors positioned in different cellular
locations are able detect AONs and siRNAs, potentially leading to cytokine release and eventual
changes in gene expression. The siRNA receptors include toll-like receptor 3 (TLR3) (dsSRNA,
cell surface and endosomal), TLR7 (ssSRNA, endosomal), TLR8 (ssRNA, endosomal), RNA
helicase enzymes Melanoma Differentiation-Associated protein 5 (MDADb) (cytoplasm), Retinoic
acid Inducible Gene 1 (RIG-1) (cytoplasm), and PKR (cytoplasm).1t? 122 124127 |n the case of
AONSs, they can be immunostimulatory upon recognition by TLR9 (endosomal) when the DNA
sequence (as in AONS) contains unmodified 5'-CpG motif(s).}?® 12° Also, for siRNAs some
immunostimulatory sequence motifs have been identified such as the 5'-UGUGUU® and 5'-
GUCCUUCAAB!  motifs. Immunostimulatory response following an OT treatment is
problematic as it can confuse experiments designed to measure gene silencing potencies of
AONs and siRNAs. The non-specific innate immune responses triggered by siRNAs and AONs
can cause changes in cellular gene expression levels, and therefore affect gene silencing data.'?
124 |_uckily, many of the chemical modifications of the ON therapeutics can significantly help the
ONs go unrecognized and abrogate the immunostimulatory response, providing an effective

means for avoiding these potential side effects.*?* More information on this topic is provided in

Chapter 3 of this thesis.
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1.7.2 Chemical modifications of oligonucleotides

As explained in previous sections, the development of chemically modified nucleic acids is
crucial for the success of oligonucleotide-based therapies. Fortunately, much of the chemistries
developed to design and synthesize nucleoside analogues as antiviral and anticancer agents have
also be applied in the development of chemically modified oligonucleotides. This has provided
nucleic acid chemists with diverse chemical modifications that upon incorporation into
oligonucleotides can control and adjust many important oligonucleotide properties such as
binding affinity for RNA targets, conformation, nuclease stability and immunostimulatory
properties.

There are three main sites on oligonucleotides which are amenable for chemical modification: [1]
Backbone modifications; [II] Sugar modifications; and [I1I] Nucleobase modifications. The
following sections will briefly describe each category, focusing on the modifications used in this

thesis.

[1] Backbone modifications:

The internucleotide phosphodiester linkages of nucleic acids are negatively charged at
physiological pH (pKa~2).%8 If unmodified, endo- and exonucleases found in serum and within
mammalian cells readily hydrolyze these phosphodiester linkages.®> Chemical modification of
these linkages have been extensively studied and there are many chemical strategies developed
successfully to avoid such nuclease degradation.

Perhaps the most popular ON backbone modifications is the phosphorothioate (PS) linkage,
where a sulphur atom substitutes for one nonbridging phosphate oxygen (Figure 1.10).132-134

This modification imparts significant resistance to nuclease degradation, and can be readily
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incorporated using standard solid-phase ON synthesis protocols.**® PS modification is commonly
used in AON,'3 3¢ and have been utilized in FDA approved ON drugs, Formivirsen and
Spinraza.'® An important point about the PS linkage is that it introduces chirality to
internucleotide linkages, and only one stereochemistry (Sp linkage) is highly resistant to
nuclease-mediated cleavage.*®’

Although synthetically challenging, some strategies have been developed for diastereoselective
synthesis of PS linkages.'*® However, PS-modified ON therapeutics are commonly synthesized
as a diastereomeric mixture, with this justification that each strand will contain multiple resistant
linkages which eventually enhances the overall stability of the population. PS linkages can
improve pharmacokinetics of ON therapeutics by enhancing their affinity for binding with serum
albumin and therefore improving circulation time.**® siRNAs have been more sensitive toward
accepting PS linkages. PS linkage incorporation into siRNAs have been successful with no
significant loss of potency. However, this modification can reduce siRNA activity in some cases,
such as PS modifications at the AGO2 cleavage site.8" %2

As discussed in previous sections, 2'-5' linkage modification, also, is another linkage
modification with natural origins. Some research has been reported on the 2'-5' linked AON.**°
However, there is very limited study done on utilizing this modification in siRNAs. Positive
traits such as nuclease stability gain, simplicity, affordability, and feasible synthesis motivated us

to investigate 2'-5' linkage modification as an attractive candidate for siRNA therapeutics.

Chapters 3 and 4 of this thesis will describe this modification in more detail.
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Many other linkage modifications with interesting prospects have been developed, such as N3'
phosphoramidate (NP),**° phosphonoacetate (PACE),*** morpholino phosphoramidates,*? and
peptide nucleic acids (PNA)* (Figure 1.10). More information on these ON backbone

modifications can be found in the cited reviews.

[11] Nucleobase modifications:

Chemically modified nucleobases are useful modifications in ON analogue development that can
be used to affect thermal stability, reduce immunostimulation, and affect SIRNA OTEs. Modified
nucleobases are mostly designed in order to enhance duplex stability while retaining the native
base pairing recognition and hydrogen bonding. Some examples of modified nucleobases with

such abilities are the 5-bromo-Ura and 5-iodo-Ura substitutes of Ura, as well as 2,6-
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Figure 1.10 Selected chemical modifications of internucleotide backbone. Phosphodiester linkages form
the backbone of natural DNA (X = H) and RNA (X=0H). Figure adapted from reference®.
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diaminopurine in place of Ade being used to stabilize A-U base pairs in ON duplexes,t? 122 144
Isocytosine (isoC) and isoguanine (isoG) base modifications, nucleobase isomers of cytosine and
guanine, were developed as alternatives for standard genomic bases which are able to form the
WC base pairing.}*>1%° They were hypothesized to be a component of primitive nucleic acids
early in the development of life, specially upon the discovery that they were recognized and
incorporated in chain elongation by polymerase enzyme.*> However, their diminished chemical
stability would have been a setback to this hypothesis. 1soG is also a product of oxidative
damage to DNA and has been shown to cause mutation, as it can also pair with thymine.t*
IsoG:C and isoC:G base pairs have been used to improve the hydrogen bonding and duplex
stability in parallel oriented duplexes.®>® %2 Their twisted base structure is able restore all the
three hydrogen bondings within isoG:C or isoC:G base pairs in the parallel mode, and hence
stabilize the otherwise unstable parallel duplexes. Chapter 5 of this thesis will provide more
details on iso base modifications.

A variety of modified nucleobases with minor-groove projections were designed which are able
to abrogate the immunostimulatory responses to siRNAs and miRNA mimics, most likely by
preventing interactions with TLR and PKR receptors.'® In the case of AONS,
immunostimulation responses to CpG motifs can be abrogated by replacing cytosine with 5-
methylcytosine.*?® Nucleobase modifications can provide the means for probing duplex physical
characteristics.'®® Intrinsically fluorescent modified nucleobases were found to be extremely
useful in studying mechanistic aspects of ON therapeutics, owing to their ability to impart
fluorescent properties to nucleic acids. A more comprehensive review on nucleobase

modifications can be found here.!%% 154
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[111] Sugar modifications:

Tremendous research done in developing nucleic acids with chemically modified sugars has
provided a vast library of nucleoside analogues that allow a remarkable level of diversity and
control over nucleic acid properties. Chemical modifications of sugar component of nucleotides
directly affect their puckering properties, which consequently affects duplex conformation,
binding affinity of the ON towards their complementary strand, and eventually their interactions
with proteins. Most nucleotide sugars analogues adopt conformations characterized on the
pseudorotational wheel as either "North" (C3'-endo), or “South” (C2'-endo), passing through the
“East” (O4'-endo) while transitioning between the north and south conformations. For a
nucleotide analogue, to be considered DNA-like, it should adopt the “South” puckering in B-
form dsDNA, whereas an RNA- like nucleotide analogue should adopt the “North” conformation
in an A-form dsRNA. These structural analysis of nucleotide analogues can be particularly
important when designing a chemically modified ON therapeutic, considering the sensitivity and
tolerance of the cellular enzymes involved in the AON- or siRNA-mediated gene silencing.
Some of sugar-modified nucleotide analogues are highlighted in Figure 1.11 and will be
described below.®

One of the most widely used nucleoside analogues is the 2'-O-Me modification. 2'-O-Me sugars
adopt a North conformation, resembling RNA, and form A-form duplexes.’>> ¢ As a result,
these nucleotide analogues are very well suited for siRNA modification and are, indeed, very
well tolerated by the RISC, even in the guide strand. Compared with DNA, 2'-O-Me shows
increased binding affinity for RNA. It also highly increases nuclease stability, as well as reduced
immunostimulatory properties, making it an attractive candidate for therapeutic agents. 2'-O-Me

modification is used in the first FDA-approved aptamer, Macugen.t®’
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Figure 1.11 Selected chemical sugar-modified nucleoside analogues. Most of the nucleotide analogues
involve modification of the 2' position of RNA. Other modifications include replacement of the ring
oxygen with Sulphur; bridges between the C2' and C4' positions of sugar; modified C4' nucleotides, and
replacement of furanose with bicyclic, tricyclic, or ring expanded analogues. Figure from reference'6?.

2'F-RNA is a very good mimic of RNA, making it a versatile and well-tolerated chemical
modification for many applications. Like 2'-O-Me RNA, 2'F-RNA also adopts a North pucker
sugar conformation within an A-form duplex.?®® 1%° This modification increases the binding
affinity of the ON for target RNA™® due to stronger hydrogen bonding originating from
fluorine's electronegativity, as well as duplex conformational preorganization.!®® 2'F-RNA
modification is very well tolerated in both passenger and guide strands in siRNA, making it an
attractive siRNA modification.!*? 22 However, unlike the 2'-O-Me modification, it is more

susceptible to nuclease-mediated degradation, with the exception of in pyrimidine-rich
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sequences.’® The 2'F-ribo modification is also used in the structure of the FDA approved
aptamer, Macugen.’

While the majority of sugar modifications are focused on the 2' position, there are other analogue
categories such as: modifications on the 4' position, analogues with altered ring oxygen,
analogues with bicyclic sugar rings, etc. More information about these analogues can be found
elsewhere 111112

Many valuable nucleoside analogues have been developed with expanded sugar scaffolds,
extending the pool of available modified nucleosides for ON therapeutics beyond the 5-
membered ring mimics of ribose. Some of these analogues including Morpholino nucleic acids
(NA), cyclohexene nucleic acid (CeNA),2 164 altritol nucleic acid (ANA),*> 166 oxepane NAs
(ONA),*®" and hexitol NA (HNA)¥*® modifications have been used in gene silencing
experiments. CeNA was shown to bind RNA more tightly than a DNA strand, increasing serum
stability, and activating RNase H.%* 18 ANA is a stabilizing RNA-binding modification that
favor A-form duplexs. Finally, Oxepane nucleic acids (ONA) are seven membered ring
nucleotide analogues, which are nuclease resistant and can trigger RNase H.'®” An investigation

to improve properties of the first generation of oxepane nucleic acids will be discussed in

Chapter 2 of this thesis.

1.8 Solid phase synthesis of oligonucleotide

One of the most significant technical advancements in the field of nucleic acid research has been
the discovery and development of automated solid phase synthesis of oligonucleotides. One of
the first automated oligonucleotide synthesizer ("Gene Machine™) was built by Dr. Kevin Ogilvie
at McGill University in 1981.1% Since then, oligonucleotides in any desired sequence and

quantities sufficient for most scientific applications have been synthesized, enabling the drastic
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progress of many biological sciences, as well as ON-based therapeutics. A typical solid phase
synthesis cycle, utilizing the reagents and materials commonly applied to a regular
oligonucleotide synthesis are illustrated in Figure 1.12.17°

The building blocks of synthetic oligonucleotide synthesis are phosphoramidites.
Phosphoramidite chemistry was first reported in 1981 by Serge Beaucage and Marvin Caruthers
and has remained the commonly used ever since.® The structures of RNA and DNA
phosphoramidite monomers are shown in Figure 1.12. RNA monomers are protected at the 2'
hydroxyl position of the sugar with the tert-butyldimethylsilyl (TBDMS) group;!’? the 5'
hydroxyl group of both DNA and RNA monomers is protected with the acid-labile
dimethoxytrityl (DMTTr) group; and the exocyclic amines of the A, G, and C nucleobases are
protected as amides (T and U do not require base protection).t’> 17

The 3' hydroxyl group in DNA and RNA monomers features a phosphorus (I11) moiety, a 2-
cyanoethyl, N,N-diisopropyl phosphoramidite group (Figure 1.12). A typical solid phase
synthesis (Figure 1.12) starts with a derivatized solid support (usually CPG or polystyrene) and
proceeds in the 3' to 5' direction. Different linkers can be used to connect the synthesized strand
to the solid support; throughout this thesis, the commercially available UnyLinker solid support
was employed.}’? The cycle starts with a detritylation step (“Deblock” step) using 3%
trichloroacetic acid in dichloromethane to remove the DMTr protecting group and release the 5'

hydroxyl group.
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In the next step (“Coupling” step) a phosphoramidite monomer is activated with 5-
ethylthiotetrazole and couples to 5' hydroxyl group to form a phosphite linkage. This step

proceeds typically in 98.5% yield for RNA, and 99% for DNA. Next, a “Capping” step (acetic
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Figure 1.12 (Top) Phosphoramidite monomers used in the automated solid-phase synthesis of DNA and
RNA oligonucleotides; (Bottom) A typical solid phase synthesis cycle for the synthesis of DNA or RNA.
Picture adapted from 17
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anhydride/N-methylimidazole) is used to esterify (“cap”) any unreacted 5' hydroxyl groups,
preventing these from undergoing chain extension in subsequent steps. The phosphite triester
linkage formed is oxidized using a mixture of iodine and water in tetrahydrofuran to afford the
more stable phosphotriester group. This cycle is repeated until the oligomer of desired length and
base sequence is synthesized. Finally, the oligonucleotide is cleaved from the solid support,

deprotected, purified and characterized.

1.9  Thesis objectives

The focus of this thesis revolves around development and mechanistic investigations of
chemically modified nucleic acid therapeutics. Chapter 2 describes the synthesis of a novel series
of seven-membered ring nucleoside (oxepane) analogues as candidates for biological screening
and gene silencing applications. The conformational landscape and preferred ring-puckering of
selected oxepane nucleosides are investigated by means of NMR, X-ray crystallography, and
quantum mechanical calculations. These nucleoside analogues are valuable compounds for both
antiviral applications and oligonucleotide modification purposes.

Chapter 3 examines the effect of 2'-5' linkage modification in sSiRNA efficiency and interactions
of such siRNAs with the proteins involved in the RNAI pathway. siRNA libraries targeting two
different mRNAs with different positional variations of 2'-5' linkages throughout the sense or
antisense strands are prepared. Our results show that introduction of 2'-5' linkages can afford a
potent class of modified siRNAs with diminished immunostimulatory response.

Chapter 4 introduces the novel topic of ON "mixmers™ as an approach to attain potent chemically
modified oligonucleotide mixtures, without screening and singling out the most active
modification design within the mixture. The synthesis, characterization, and preliminary

biological screening of mixmer siRNAs are presented.
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Chapter 5 investigates the impact of several sugar and nucleobase modifications on the formation
of parallel-stranded duplexes at neutral pH. This study expands previous studies in this
laboratory on the synthesis of isoguanosine- and isocytidine- modified parallel stranded
DNA:RNA hybrids as active siRNAs under physiological conditions. This study also reveals the
benefits and challenges to the design of parallel stranded siRNAs and explains the underlying
rules to make successful parallel stranded siRNAs. These results demonstrate that strand
orientation is not a critical determinant in the recognition of siRNA triggers by the RISC

complex.
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CHAPTER 2:SEVEN-MEMBERED RING NUCLEOSIDE ANALOGS:
STEREOSELECTIVE SYNTHESIS AND STUDIES ON THEIR CONFORMATIONAL

PROPERTIES

2.1 Overview

This chapter describes the synthesis of a novel series of seven-membered ring nucleosides, with
emphasis on the structural characterization of intermediates and target molecules. The key step in
the presented synthetic approach is a stereoselective synthesis of an epoxide which is used as a
common synthetic intermediate to prepare functionalized oxepane nucleoside derivatives. We
also study the conformational landscape and preferred ring-puckering of selected oxepane
nucleosides by NMR, X-ray crystallography, and quantum mechanical calculations. The results

of these studies will be presented in the following sections.

2.2 Introduction

Nucleoside analogues, as previously described in chapter 1, are extremely valuable compounds
in medicinal chemistry.l 2 Modification in the furanose moiety and its impact on the
conformation and biological activity of nucleosides have been studied extensively.® + However,
due to their more challenging accessibility, ring expanded derivatives have been considerably
less explored. Hexose- and hexitol-based nucleosides are the most studied among this class and
were first described by the Eschenmoser® ® and Herdewijn’ 8 groups respectively. In the hexitol
series (1), the flexible furanose ring is replaced with a more rigid six-membered hexitol sugar
and the position of the nucleobase is moved from the anomeric carbon to the 3’-position (Figure
2.1). Nucleic acids derived from hexitol nucleosides have been proven useful for incorporation

into gene silencing oligonucleotides, biotechnology, and synthetic biology applications.®
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Figure 2.1 Expanding the nucleoside ring size, from five- membered, to 6-membered as in Hexitol (1)’
andseven-membered as in first generation Oxepane (2)°. Other examples of nucleoside analogues
previously reported in the literature (3-6).114

Seven-membered oxepane scaffolds are commonly found in natural products and biologically
active molecules.™®>*® In the search for ring expanded DNA analogues, our lab recently reported
the synthesis of the first generation of oxepane nucleoside (Figure 2.1), which was then
incorporated into oligonucleotides, constructing Oxepane Nucleic Acids (ONA).X It was
hypothesized that expanding the carbohydrate moiety of DNA to a seven-membered skeleton
would provide conformationally more flexible sugars relative to the six-membered ring
pyranose, thus better mimicking the conformation of natural 2’-deoxyribose. Indeed, ONA, like
DNA oligonucleotides, represented a rare example of nuclease stable oligonucleotides based on a
7-membered sugar ring able to trigger, as natural DNA, the RNase H-mediated degradation of a

complementary RNA strand.’® Moreover, ONAs were able to bind to both DNA and RNA,
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owing to the flexible nature of the oxepane sugar ring. Despite these unique properties, however,
the low affinity towards RNA targets limits the use of first generation ONAS as gene silencing
oligonucleotides. Following the work in our lab, a few more examples of oxepane nucleoside
analogues (Figure 2.1) have been reported as potential glycosidase inhibitors (3),!! antiviral
agents (42 and 5), and unexpected byproducts of nucleoside syntheses (6).14

As part of our ongoing interest on the development of nucleosides with expanded sugar rings,'®
19 we aimed to expand the library of novel oxepane-based nucleoside analogues as excellent
candidates for biological screening and building blocks for gene silencing oligonucleotides.?
Molecular modeling of the first generation oxepane nucleoside (Figure 2.2) suggested that even
though this modification provides a more compact oligonucleotide structure that can, in
principle, hybridize to DNA and, even more favorably, to the more compact C3'-endo geometry
of RNA, some factors still limit its base-pairing potential with complementary DNA and RNA.°
These limiting factors were anticipated as (a) the increased ring size of the oxepane ring, as
observed with pyranose-based ONs,?" 2?2 and (b) the relative orientation of the glycosidic bond
(C1'-N1) with respect to the C5'-OH bond (Figure 2.2).23

To overcome the limitations faced with the first generation ONAs as gene silencing
oligonucleotides, we focused our attention on the synthesis of novel nucleoside oxepane
monomers that will allow placement of the phosphodiester backbone to positions C3' and C4-'.
This would, in principle, yield ONAs that closer mimic the natural DNA and RNA structures. As
an alternative approach, we became also interested in synthesizing fluorinated derivatives of
oxepane nucleosides, prompted by the conformational changes and stabilizing effects provided

by 2'-FRNA and 2'-Fluoroarabino nucleic acid (FANA) in DNA:RNA and RNA:RNA duplexes.
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Figure 2.2 (a) Structure and conformation of first generation oxpeane nucleoside® (a) and
oligonucleotide (b), and our strategy to move the phosphodiester linkage from 5' position closer to the
glycosidic bond at the 1' position (4' position shown here, as an example).

The following sections describe our synthetic approach towards creating a common and versatile
chiral synthetic intermediate used to generate more structurally diverse oxepane nucleosides. The
conformation of some of the synthesized key analogues were assessed using X-ray

crystallography, NMR, and theoretical (classical and quantum mechanical) calculations.

2.3 Synthesis and characterization of oxepane nucleosides

An efficient 5-step synthesis of oxepene 7 (Scheme 2.1) was previously described by David
Sabatino, from our laboratory,*? starting from commercially available tri-O-acetyl-p-glucal, and
adapting the ring expansion strategy described by Hoberg et al.?* The attractiveness of 7 is that

its alkene functionality can be manipulated for the introduction of different functional groups in
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Scheme 2.1 Synthesis of oxepene precursor (7) by ring expansion method?.

the seven-membered ring. For example, the access to a new series of functionalized oxepane
nucleoside monomers was devised from an asymmetric epoxidation of 7, enabling the
diastereoselective installation of new stereocenters. Thus, we first focused on finding the best

conditions for the stereoselective epoxidation of 7.

2.3.1 Stereoselective synthesis of oxepane nucleoside (8)

We attempted to take advantage of the allylic alcohol to perform an asymmetric epoxidation.
Thus, the silyl bridge of 7 was cleaved, before subjecting it to epoxidation with VO(acac)2.?®
Under the experimental conditions, we observed rapid decomposition of the starting material.
Classical oxidation of 7 with mCPBA in DCM was performed following a previously reported

method,?® affording a 2:1 a:p diastereomeric mixture of the epoxide in 50% vyield. The two
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Figure 2.3 Stereoselective synthesis of oxepane nucleoside (8).

isomers showed very similar polarity (TLC, ARf< 0.1) making it difficult to separate them by

silica gel column chromatography (Table 2.1, Entry 1).

Next, we turned towards using a chiral catalyst to induce stereoselectivity. Jacobsen catalyst is an
attractive candidate due to its ability to catalyze stereoselective epoxidations of unfunctionalized
olefins.?” When 7 was treated with 5 mol% (S,S) Jacobsen catalyst in a NaOCI/CH:CI, biphasic
system, and in the presence of pyridine N-oxide, a 1:1.7 a:[3 diastereomeric mixture was obtained
(Table 2.1, Entry 2). A significant improvement in stereoselectivity (d.e. 87%) was observed
when the same reaction was carried out with the (R,R) Jacobsen catalyst (Sigma Aldrich; CAS#
138124-32-0) under the same conditions (Table 2.1, Entry 3). The reaction proceeded in better

yields (58%) by increasing the catalyst loading to 10 mol% without any decrease in

Table 2.1 Epoxidation of protected oxepene 1 under different conditions.

epoxidation cat.

entry pe— (mol %) yield (%) 8a:8p' de (%)
12 mCPBA - 50° 2:1 33
2° (S,S) Jacobsen cat. 5 36¢ 1:1.7 26
3 (R,R) Jacobsen cat. 5 34° 14:1 87
4° (R,R) Jacobsen cat. 10 58° 14:1 87

Reaction conditions: THF, 40 ° C, °NaOCI, DCM, 4-Phenyl Pyridine N-oxide (°20 mol %, 40 mol %), rt;
dCrude epoxide yield (o + B); lsolated yields for 8a; 'Ratio calculated by NMR in the isolated crude mixture.
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stereoselectivity (Table 2.1, Entry 4). Traces of 8B were removed by flash column
chromatography. It is noteworthy that at this stage, the configuration of the epoxide ring was
ambiguous as the NOESY NMR spectra did not show the expected key correlations. However, as
will be explained in the following sections, subsequent formation of the anhydro oxepane 12

from 8a (Scheme 2.2) allowed the assignment of stereochemistry at C3'-C4'.

2.3.2 Regio/stereoselective synthesis of trihydroxy oxepane nucleoside (10)

With the nucleoside 8a in hand, the oxepane scaffold was then ready for diversification via
epoxide opening to generate functionalized oxepane nucleosides. The reaction of 8a with 10
equivalents of LiEtsBH at 0 °C resulted in a completely stereo- and regioselective conversion to
9 in 36% vyield, together with unreacted starting material (Figure 2.4). Additional equivalents of
LiEtsBH did not increase the yield of the reaction and resulted in formation of base reduction
products. Regioselective opening of epoxide 8a can be explained by the possible coordination of
LiEtsBH to the nucleobase and directing the attack of hydride to the proximal and less hindered
C3' position. Cleavage of the silyl protecting group afforded nucleoside 10 in 87% yield.

The structure of 9 was confirmed by COSY NMR in MeOD (Figure 2.5). The protons at C2'
were easily assigned by 3Jun COSY correlations with the 1' proton. There were 2 protons (other
than the H1'") correlating with the 2' protons, indicating that the 3' position is a methylene (CHy).

It was inferred that the hydroxyl group is therefore, placed on the 4' position. Indeed, the 3'

o] PUL o o ,Thy o. ,Thy
t-Bu. / LIEBH 4 gy _/ TREAT-HE ©
/S'\ we > SI\ . —_—
t-Bu (0] _ DCM t-Bu’ o' THF HO'"

° 0°C-rt HO 87% HO

36%
8a ? 9 10

Figure 2.4 Regio/stereoselective synthesis of trihydroxy oxepane nucleoside 10.
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Figure 2.5 Regiochemistry of oxepane nucleoside 10 was assigned using the key 3Jun COSY
correlations between 1', 2'and 2", 3' and 3", and 4' (circled).

protons were only correlating with one other proton, which was assigned as the 4' proton. The
stereochemistry of the produced 4'OH was inferred to be (alpha), as in the starting material 8a,
since opening of the epoxide does not affect the stereochemistry at C4'.

2.3.3 Synthesis of azido oxepane nucleosides (13 and 14)

To further explore the scope of our strategy to synthesize structurally diverse oxepane
nucleosides, diastereomerically pure 8a was desilylated with triethylamine trihydrofluoride
(TREAT-HF) in 90% vyield to afford epoxide 11 that was then reacted with NaN3z in DMF at 100
°C and in the presence of 15-crown-5 (Scheme 2.2). Unlike the hydride reduction described

above for protected nucleoside 8a, the azidation reaction of 11 resulted in a 1:2.3 mixture of 13
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and 14 in 70% combined yield. The regioselectivity and yield of this step dropped significantly
when azidation was carried out on 8a instead. The position of the azide group in both 13 and 14
regioisomers was determined by a combination of COSY NMR experiments (solvent DMSO-dg)
which showed a correlation of the produced hydroxyl protons to their corresponding sugar C-H
position, and (Figure 2.6 and Figure 2.7).

The configuration at C3' (compound 14) and C4' (compound 13) was assessed by NOESY
experiments. A clear correlation between H6 of the nucleobase and H3' was observed for
compound 14, suggesting the B configuration of H3’ (Scheme 2.2 and Figure 2.7). In the case of
regioisomer 13, a rather faint correlation between H4’ and H6 confirmed a cis relative orientation
between the thymine and H4'. A stronger correlation, in this compound, was seen between H3'
and H2'a, which was in agreement with our proposed structure for regioisomer 13 (Scheme 2.2

and Figure 2.6).

HO NN
o o_ N O TREAT-HF HO o N/go Ethylene glycol 0 \r
tBu_ , _ - o)
Slsgw THF 120 °C HO™
tBu _ 90% HO" \__ 90% S
a O HO
12
8a 1"
NaN3, DMF | 13:14=1:2.3
15-crown-5 | 70% NaN;, DMF 100 °C
100 °C

15-crown-5 61%

HO o. ,Thy

-

13:14=1:2 HO

Scheme 2.2 Synthesis of azido (13, 14) and anhydro (12) oxepane nucleosides. Key NOE
correlations in 13 and 14 are renresented with red arrows.
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of nucleoside analogue 13. Key cross peaks are circled.
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Figure 2.7 COSY and NOESY NMR experiments were performed in DMSO-dg to assess the structure of
nucleoside analogue 14. Key cross peaks are circled.
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2.3.4 Attempted synthesis of fluorinated oxepane nucleosides. (12)

Based on our long-term interest in fluorinated nuclosides in our lab, we also took interest in
fluorinated oxepanes, hoping that fluorination can have a positive influence on the sugar
conformation (i.e. better ONA duplex binding properties).

Reaction of epoxide 11 with NaF/KHF; in ethylene glycol at 120 °C did not produce the desired
C3'/C4'-fluorinated nucleosides; instead, it afforded anhydro nucleoside 12 in high yield
(Scheme 2.2). When 11 was heated in the absence of the fluoride salts, it afforded, again, the
anhydro nucleoside 12 in the same yield, suggesting that NaF/KHF, has no role in this
transformation. The identity, stereochemistry, and conformation of anhydro nucleoside 12 were
unambiguously assigned by single crystal X-ray diffraction (Figure 2.8). Within the bicyclic
structure, the oxepane ring adopts a chair-like conformation in which the hydroxymethyl group
and 5'-OH are equatorial, while the thymine base and the 4'-OH group are pseudoaxial (Figure
2.8). Next, we attempted to open the anhydro compound directly with HF-py (obtained
commercially from Sigma-Aldrich). To our surprise, we consistently obtained the corresponding

chlorinated nucleoside 15 (80-85 % vyield). Clearly the HF solution was contaminated with a

Figure 2.8 Crystal structure of nucleoside 12.
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chloride source (likely HCI-py). Despite our attempts to obtain higher purity HF-py from other
commercial providers (Alfa Aesar, Sigma Aldrich, and Acros Organics) we were, still, unable to
obtain the desired fluorinated nucleoside from 12, and, instead, obtained the chlorinated
nucleoside 15. It is noteworthy that tTHNMR tracking of our fluorination trials showed evidence
for formation of small traces of a fluorinated product (<10%). Future work on this project is
focused on investigating alternative fluorination methods in order to obtain fluorinated oxepane

nucleosides.

2.3.5 Stereoselective synthesis of chloro oxepane nucleoside (15)

Given the above, and the recent discovery of chlorinated nucleoside analogues with promising
biological activity, 2 2° we next turned our attention to the direct chlorine functionalization of
compound 12, this time using HCI-py as the chloride source (Sigma Aldrich). Reaction of 12
with HCI-Py in DMF (23 °C, 12 hrs) provided the same chlorinated nucleoside analogues 15
with complete stereoselectivity in 88% yield (Figure 2.9). This product was identical to the one
obtained during the attempted fluorination, and its structure was corroborated via COSY and

NOESY NMR experiments.

o)
HO 0 N\fN HCI-Py HO o. N O
0 DMF, rt
HO™ \ 88% HO /
HO HO Tl
12 15

Figure 2.9 Synthesis of chloro oxepane nucleoside 15.
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2.3.6 Mechanistic studies regarding the synthesis of azide oxepane nucleosides (13 and 14)
Given the success with the regio- and stereo- selective synthesis of chloro oxepane 15 via
opening of the anhydro ring, direct azidation of anhydro oxepane 12 was attempted (Scheme
2.2). Interestingly, this reaction produced a regioisomeric mixture of 13 and 14, in a ratio similar
to that observed during the azidation of epoxide 11. As previously reported for furanose
nucleosides,® we hypothesize that anhydo 12 equilibrates to epoxide 11 under these conditions,
and that 11 is the direct precursor of 13 and 14 (Scheme 2.2). To further study the mechanism of
this reaction, 12 was dissolved in DMF-ds in the absence of NaNs and crown ether, to see
whether 12 would equilibrate to a mixture of 11 + 12. After heating for 3 h at 100 °C in an NMR
tube, no changes were observed in the *H-NMR spectrum (5% detection limit), suggesting that if

present under the azidation conditions, the epoxide reacts rapidly to give 13 and 14.

2.4 Conformational analysis of oxepane nucleosides 10 and 11

With this set of oxepane nucleosides in hand, we next studied the conformations of nucleosides
10 and 11 in collaboration with Dr. Guillem Portella (Cambridge University, UK).

The ring pucker of seven-membered ring systems can be described as a combination of
boat/twist-boat (B/TB) and chair/twist-chair (C/TC) pseudorotational spaces.®! 3 This was first
assessed by molecular dynamics simulations coupled to a metadynamics enhanced sampling
scheme3® (details in experimental section). The most stable conformations were further
minimized using quantum mechanical density functional theory calculations at the M062x/6-
31+G(d,p) level using parameters of MeOH as a solvent (details in experimental section). The
lowest energy states for epoxide 11 corresponded to a chair-like conformation, in which all the
substituents assume a pseudo-equatorial disposition to alleviate steric interactions (Figure

2.10a). The differences in stability amongst the lowest energy states are due to small variations
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(b)

(c)

Figure 2.10 Lowest energy conformations of (a) 11 and (b) 10. Derivative 10 is a mixture of boat and
twisted boat conformations, and 11 is found exclusively in the chair conformation. Supersposition of
10 (blue) with (c¢) C2'-endo thymidine (red) and (d) C3’-endo uridine (orange).

in the orientation of the thymine and hydroxymethyl substituents, meanwhile the sugar pucker
remains almost invariable. The lowest energy states for the alcohol derivative 10 are mixtures of
twisted-chair and boat conformations (~65% and ~35% respectively) (Figure 2.10b). The main
differences among low energy states are also in this case due to small variations in the
orientation of the substituents causing very minor variations in the sugar conformation (more
information in the experimental section).

Finally, to assess the validity of the calculated structures, 2Jun values from *H-NMR coupling
constant analysis in MeOH-ds of 10 and 11 were compared to theoretical 3Jun values estimated
from the computed low energy conformers (Table 2.2, details in experimental section). For 11,
there was sufficient spectral resolution of all the resonances so that coupling constants could be
easily extracted from the spectra. In the case of 10, the multiplets of the H2" and H3' resonances

prevented the extraction of the coupling constants between these protons.
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In general, there was good correspondence between calculated and observed 3Jun, supporting
the accuracy of the conformations provided by computation. The H1' splitting pattern in both 10
and 11 are consistent with the pseudo-equatorial orientation of the pyrimidine base. Figure 2.10
¢ and d compare the three-dimensional structure of compound 10 to the natural nucleosides (dT
and rU), by superposition of the structures. When the bases are aligned, the pseudoequatorial
C4'-OH bond in 10 superimposes rather well with the pseudoequatorial C3’-OH bond of uridine
(shown in the favoured C3’-endo conformation), suggesting that 4’,6'-linked oligomers of 10 may

conform to the structure of natural nucleic acids (e.g., RNA).

Table 2.2 Calculated and experimental 33,1 coupling constants (£0.2 Hz) for 10 and 11

coupling constant calcd 102 exptl 10° calcd 112 exptl 11°

s 11.0 10.0 10.1 10.5
3y 2.3 3.4 0.7 2.4
3py 1.7 - 0.3 0

ey 12.3 - 5.7 45
Uy 6.0 - NA NA
g 25 - NA NA
S 1.0 2.0 NA NA
I 9.9 9.8 4.0 4.7
es 4.2 25 0.6 0

35 7.9 5.7 9.1 9.6

@Values calculated using GIAO/B3LYP/aug-cc-pVDZ methodology on optimized structures, averaged
based on their Boltzmann population. ? Observed coupling constants from *H-NMR experiments in
MeOH-da.
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2.5 Conclusion and future work

In summary, several novel oxepane nucleosides were prepared from a diastereomerically pure
epoxide, as a common intermediate. This epoxide (compound 11) was obtained by a
stereoselective oxidation of alkene 7. Stereo- and regioselective addition of hydride to epoxide
11 afforded trihydroxy oxepane 10. Azidation of epoxide 11 results in formation of azido
oxepanes 13 and 14. These nucleosides were also accessed by reaction of Anhydro nucleoside 12
and sodium azide, which we hypothesize it proceeds via the epoxide derivative, i.e., 12 — 11 —
(13+14). Finally, chlorination of anhydro 12 results in the formation of regio- and stereo- pure
chloro oxepane 15. Computational and NMR studies suggest that 10 and 11 adopt a chair
conformation with the pyrimidine base adopting a pseudo-equatorial orientation. We expect this
new series of ring expanded nucleic acid analogs to be useful as building blocks for new
functional genetic systems and gene silencing oligonucleotides. Current work in our group
focuses on synthesizing these and other oxepane analogs more efficiently, and in larger

quantities for incorporation into oligonucleotides.

2.6 Experimental methods

2.6.1 General remarks

When needed, reactions were carried out in over-dried glassware and under argon atmosphere.
All reagents were of highest commercial purity and were purchased from Sigma-Aldrich and
used without further purification. Jacobsen epoxidation catalysts were purchased from Strem
Chemicals and stored under argon atmosphere. Sodium hypochlorite solution (14.5% available
chlorine) was purchased from Alfa Aesar. Solvents were dried with standard procedures prior to
use. Thin-layer chromatography (TLC) was performed to monitor reactions and visualized with a

solution of 10% H>SO4 in MeOH and/or UV light. Flash chromatography was performed with
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silica gel 60 (40—63um). Spectroscopic *H and *C NMR, MS, and/or analytical data were
obtained using chromatographically homogeneous samples. *H and 3C NMRs were obtained
using 400, 500 and 800 MHz instruments for *H and 125 MHz for 3C. The same spectrometers
were used for the acquisition of H—'H homonuclear (COSY and NOESY) and 'H-'3C
heteronuclear (HSQC) correlations. High-resolution mass spectra (HRMS) were recorded on a

mass spectrometer under electron spray ionization (ESI) conditions.

2.6.2 Synthesis of oxepene precursor (7)
Compound 7 and the corresponding deprotected analogue were prepared according to a

previously reported literature procedure in 5 steps.*°

2.6.3 Synthesis of 1- [(5S,6R)-2,3,4-trideoxy-5-hydroxy-7-hydroxymethyl)-g-oxepanyl]
thymine (8a).
A solution of 7 (239 mg, 0.585 mmol) and 4-phenylpyridine N-oxide (20.0 mg, 20 mol%) in
CH2CI> (4 mL) was cooled down to 0° C in an ice bath, before the (R,R)-Jacobsen’s catalyst
(37.2 mg, 10 mol%) was added. Buffered bleach solution was prepared in a different flask by
adding a solution of 0.05 M NaxHPO4 (2.5 mL) to 6.25 mL of the sodium hypochlorite solution.
The pH of the resulted solution was adjusted to pH 11.3 by addition of a 1M NaOH solution. 5
ml of the bleach buffer was cooled down in an ice bath and was added to the cooled solution in
the first flask. The biphasic solution was vigorously shaked for 48 h at room temperature. After
completion of the reaction, EtOA (20 mL) was added to the reaction and the organic phase was
separated and evaporated to dryness. The obtained solid was filtered over a small bed of silica
gel using 50% MeOH/ CHCl; as eluent to remove the catalyst. Fractions containing the product

were collected, solvents were evaporated and the resulting residue was purified by column

63



chromatography (1% MeOH/ DCM) to afford 8a (pure a-anomer: 99.4 mg, 58%) as a white
foam. Rt (5% MeOH/ CHCl,): 0.37

'H NMR (CD30D, 500 MHz) 6 7.44 (d, 1H, H6, J=1.0),5.75 (dd, 1H, H1’, J= 2.0, J= 11.0),4.33
(d, 1H, H5', J= 9.0),4.05 (dd, 1H, H7", J= 10.5, J= 5.5), 3.79 (t, 1H, H7’, J = 10.5), 3.72 (m,
1H,H6"), 3.40 (d, 1H, H4', J = 4.5), 3.36 (t, 1H, H3', J = 4.5), 2.54 (dd, 1H, H2', J = 11.0, J =
15.2), 2.43 (ddd, 1H, H2",J =15, J=5.0,J=15.2), 1.86 (s, 3H, CHs), 1.06 (s, 9H, 'Bu), 1.02
(s, 9H, 'Bu).3C NMR (CDs0OD, 125 MHz)5164.8,150.6,136.2, 110.5, 81.8, 75.9, 73.1, 66.1,
60.6, 52.0, 32.8, 26.5 (3C), 26.1 (3C), 22.1, 19.6, 10.9.HRMS: m/z [M+Na] calculated for
C20H32N2NaOeSi: 447.1922. Found: 447.1914.

Other spectroscopic information provided: COSY and NOESY NMR in CDCl3,

2.6.4 Epoxidation procedure using mCPBA.

7 (167 mg, 0.409 mmol) in THF (2ml) was dissolved in 2 ml of THF, before mCPBA (77%,
137.5 mg, 0.6136 mmol) was added to it. Reaction was warmed up to 40° C and allowed to stir
for 8 hours. Reaction was followed by TLC and stopped by evaporating the THF and purifying
the residue with column chromatography (1-5%MeOH/ DCM) to afford an inseparable mixture
of 8a and 8p (o/p= 2/1, total yield: 86.8 mg, 50%) as a white foam. Rf (10% MeOH/ CH.Cl,):

0.53

2.6.,5 1-[(4S,5R,6R)-2,3-dideoxy-4-hydroxy-5,7-di-tert-butylsilanediyl)-p-oxepanyl]
thymine (9)

Compound 8a (62.5 mg, 0.147 mmol) was coevaporated with pyridine and kept under vacuum

overnight prior to reaction. Solution of 8a in anhydrous THF (5 mL) at 0° C was treated with 1

M solution of LiEt:BH (1.4 mL, 1.4 mmol) in THF under argon atmosphere. The reaction
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mixture was stirred for 17 hours at room temperature. After completion, the reaction was
quenched by addition of 5% acetic acid solution (2.34 mL), followed by purging the flask with
argon for 30 minutes. THF was evaporated under vacuum and the obtained residue was directly
purified by column chromatography to obtain 9 (22.6 mg, 36%) as a white solid. R (5% MeOH/
CH2Cl): 0.34.

H NMR (CDCl3, 500 MHz) 6 8.18 (bs, 1H, NH), 7.12 (s, 1H, H6), 5.96 (t, 1H, H1’, J= 6.1), 4.12
(m, 1H, H4"), 3.82 (m, 1H, H6'), 3.78 (m, 3H, H5",H7', H7"), 2.65 (bs, 1H, H4'-OH), 2.48 (m,
1H, H2'), 2.06 (m, 1H, H3'), 1.90 (s, 3H, CHa), 1.74 (m, 2H, H2”, H3"), 1.02 (s, 9H, 'Bu), 0.98
(s, 9H, 'Bu). HRMS:m/z [M+Na] calculated for C20H3sN2NaOsSi: 449.2078. Found: 449.2067.
Other spectroscopic information provided: COSY NMR in CDCIz (showing the 4"OH

connectivity), *H NMR in MeOD.

2.6.6 1- [(4S,5R,6R)-(2,3-dideoxy -4,5-dihydroxy-6-hydroxymethyl)-p-oxepanyl] thymine
(10)

Compound 9 (22.6 mg, 0.053 mmol) was coevaporated with pyridine and kept under vacuum
overnight prior to the reaction. The solution of 9 in anhydrous THF (2 mL) was then treated with
TREAT-HF solution (20.1 pL, 0.122 mmol) at room temperature and was left for stirring for 8
hours under argon atmosphere. After completion, the reaction was quenched by addition of 10
uL of Milli-Q water.The mixture was evaporated under vacuum and the obtained residue was
purified by column chromatography (2-8% MeOH/ CH2Cl>) to afford 10 (13.2 mg, 87%) as a
white solid. Rs (15% MeOH/ CH,Cl,): 0.18.

IH NMR (CDsOD, 500 MHz) & 7.56 (d, 1H, H6, J= 1.1), 5.93 (dd, 1H, H1’, Jy:2»= 3.4, Jy2=

10.0), 4.02 (dt,1H, H4", Jy3= 9.8, Jy3= 2.0, Jy.s= 2.5),3.71-3-78 (m, 3H, H5', H6', H7"), 3.61

65



(dd, 1H, H7', J7.7»= 12.5, J7¢ = 7.2), 2.17 (m, 1H, H3'), 2.03 (m, 1H, H2'), 1.94 (m, 1H, H2"),
1.90 (s, 3H, CHs), 1.73 (m, 1H, H3"). 3C NMR (CD30D, 125 MHz) §150.7, 136.7, 109.8, 84.9,
83.8, 74.1, 714, 63.1, 30.5, 25.7, 10.9. HRMS: m/z [M+Na] calculated for C12H1sN2NaOs:
309.1057. Found: 309.1061.

Other spectroscopic information provided: COSY NMR in MeOD, HSQC, and NOESY

NMR in DMSO-de.

26.7 1- [(3R,4S,5R,6R)-2-deoxy-3,4-epoxy- 5-hydroxy-6-hydroxylmethyl)-g-oxepanyl]
thymine (11)

Compound 8a (132 mg, 0.310 mmol) was coevaporated with pyridine and kept under vacuum
overnight prior to the reaction. The solution of 8ain anhydrous THF (3 mL) was then treated
with TREAT-HF solution (56 pL, 0.342 mmol) at room temperature and the mixture was
allowed to react for 3 hours under argon atmosphere. After completion, the reaction was
quenched with 20 uL of Milli-Q water, the mixture was evaporated under vacuum and the
obtained residue was purified by column chromatography (2-8% MeOH/ CH>CI>) to afford 11
(79 mg, 90%) as a white solid. Rt (10% MeOH/ CH.Cl,): 0.24.

IH NMR (CDsOD, 500 MHz) § 7.53 (d, 1H, H6, J= 1.0), 5.70 (dd, 1H, H1’, Ji2»= 2.5, Jy:2=
10.5), 3.98 (d, 1H, H5', Js.6=9.7), 3.83 (dd, 1H, H7', J¢.7= 2.3, J77»= 11.9), 3.63 (dd, 1H, H7",
Jy7v=11.9, I = 5.7), 3.52 (ddd, 1H, HE', Jo.7 = 2.4, Jg7= 11.9, Jos = 9.6), 3.35 (d, 1H, H4',
Jyz =4.7),333 (t, IH, H3', 3o = 4.5, Jyo = 4.5), 2.48 (dd, 1H, H2", J71= 10.5, Jora= 14.7),
2.44 (ddd, 1H, H2', J12= 2.5, Jy3= 4.5, Jyo= 14.9),1.90 (s, 3H, CH3).23C NMR (CDs0D, 125

MHz) 6 165.0 (Base CO), 150.5 (Base CO), 136.7 (C6), 110.1 (C5), 82.0 (C1"), 80.3 (C6'), 68.3
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(C5"), 62.4 (C7"), 60.7 (C4"), 52.8 (C3"), 33.4 (C2'), 10.9 (C5-CH3). HRMS: m/z [M+Na]
calculated for C12H1sN2NaOg: 307.0901. Found: 307.0893.

Other spectroscopic information provided: COSY, NOESY, and HSQC NMR

2.6.8 1-[(3R,4S, 5R, 6R)- (1,3-anhydro- 3- deoxy- 4,5-dihydroxy- 6-hydroxymethyl) -B-
oxepanyl] thymine (12)

Compound 11 (41 mg, 0.144 mmol) was dissolved in dry ethylene glycol (1.5 ml) and was then
heated to 120 °C for 2 hours. Reaction was monitored by TLC and was stopped when all the
starting material had reacted. Ethylene glycol was coevaporated with toluene and the resulting
residue was purified by column chromatography (5-10% MeOH/ CH,Cl;) to yield pure 12 as a
white solid (39 mg, 0.137 mmol, 95%). Rt (20% MeOH/ CHCl>): 0.18.

IH NMR (CDs0D, 500 MHz) 6 7.54 (d, 1H, H6, J= 1.0), 5.64 (d, 1H, H1’, Jy.2= 3.0), 4.79 (dd,
1H, H3', Jy.4= 4.5, Jy3=5.5), 4.19 (ddd, 1H, H6', Jg.7= 2.5, Jg.7= 6.0, Js.5= 8.5), 4.17 (dd, 1H,
H4', Jys =2, Jya =4),3.81 (dd, 1H, H7', Jo.7 = 3.0, J77= 12.0), 3.71 (dd, 1H, H7", J7»¢ = 6.0,
Jp=11.5), 3.54 (dd, 1H, H5', Js.4 = 2.5, Js.¢ = 8.5), 2.93 (d, 1H, H2", J»»;= 15.0), 2.56 (ddd,
1H, H2', Ji2= 4, Jo3= 6, Jyo= 15.0), 1.96 (s, 3H, CH3).13C NMR (CD30D, 125 MHz) 6 173.1,
153.7, 138.9, 118.5, 82.4, 74.8, 74.7, 70.7, 69.3, 62.3, 21.6, 11.8.HRMS: m/z [M+Na] calculated
for C12H16N2NaOe: 307.0901. Found: 307.0887.

Other spectroscopic information provided: COSY NMR and crystal structure

2.6.9 General procedure for azidation of anhydro oxepane 12
A mixture of 12 (13 mg, 0.0457 mmol), NaN3 (10 mg, 0.1373 mmol), and 15-crown-5 (30.2 mg,
0.1373 mmol) in DMF (2 mL) was heated to 100 °C for 3 hours. After completion, DMF was

evaporated under vacuum and the crude was purified by column chromatography (2-6% MeOH/
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CHCI) to give an inseparable mixture of 13 and 14 (13/14 = 1/2 , total of 9.2 mg, 0.028 mmol,
yield: 61%, Rf (20% MeOH/ CHCly): 0.70).This mixture was further purified by reverse phase
HPLC (Hamilton PRP-1, 10um-100 A-10x250 mm. Eluent conditions: A: ACN, B: H20,
gradient: 0-50% ACN in 36 minutes) to obtain pure 13 (Rt: 25.5) and 14 (Rt: 22.7) as white

solids.

2.6.10 1-[(3R,4S,5R,6R)-(3-azido-2,3-dideoxy-4,5-dihydroxy-6-hydroxymethyl)-g-oxepanyl]
thymine (13)

IH NMR (DMSO-ds, 500 MHz) § 7.57 (d, 1H, H6, J= 1.1), 6.04 (dd, 1H, H1', Jy2= 1.1, Jy:2»=
10.8), 5.53 (d, 1H, 5'OH, Js.on= 3.9), 5.47 (d, 1H, 4OH, Jyon= 4.5), 4.82 (bs, 1H, 7'0OH), 4.03
(m, 2H, H3', H5'), 3.69 (m, 2H, H4', H6'), 3.20-3.45 (H7'and H7"covered under the H.O peak),
2.06 (ddd, 1H, H2', J1o= 1.2, Jy3= 6.1, Jo= 13.1), 1.88 (m, 1H, H2", J12»=10.9), 1.77 (s, 3H,
CHs3).1*C NMR (DMSO-ds, 125 MHz) §168.3 (Base CO), 164.1 (Base CO), 136.7 (C6), 109.8
(C5), 83.7 (C4"), 78.7 (C1'), 75.3 (C5"), 73.8 (C6"), 62.4 (C7"), 60.2 (C3"), 39.3 (C2'), 12.4 (C5-
CH3).HRMS:m/z [M+Na] calculated for C12H17NsNaOs: 350.1071. Found: 350.1072.

Other spectroscopic information provided: COSY, NOESY and HSQC NMR.

2.6.11 1-[(3S,4R,5R,6R)-(4-azido-2,4-dideoxy-3,5-dihydroxy-6-hydroxymethyl)-B-oxepanyl]
thymine (14)

IH NMR (DMSO-ds, 500 MHz) & 7.58 (d, 1H, H6, J= 1.2), 5.74 (dd, 1H, H1’, Jy2= 4.1, Jy2=

5.2), 5.49 (d, 1H, 5'OH, Js.on= 6.4), 5.30 (d, 1H, 3'OH, Jy.on= 4.8), 4.47 (t, 1H, 7'0H, J7on =

6.2), 3.74 (m, 1H, H3'), 3.66 (ddd, 1H, H7', J7.¢ = 2.6, J7.on= 6.8, , J77» = 11.9), 3.60 (ddd, 1H,

H6', Jg7 = 2.4, I= 6.6, J = 9.2), 3.35-3.41 (m, 2H, H7", H4"), 3.30-3.33 (H5' partly covered
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under the H20 peak), 2.30 (ddd, 1H, H2', Ji»= 5.4, J»3= 9.8, Jro= 15.2), 2.06 (ddd, 1H, H2",
Jorz= 2.7, Jy= 4.1, Jy= 15.4), 1.81 (s, 3H, CH3).13C NMR (DMSO-ds, 125 MHz) 5164.2
(Base CO), 150.5 (Base CO), 136.8 (C6), 109.3 (C5), 80.8 (C1'), 79.4 (C6"), 75.3 (C4"), 71.8
(C5", 66.2 (C3"), 62.4 (C7"), 39.2 (C2"), 12.5 (C5-CH3).HRMS:m/z [M+Na] calculated for
C12H17NsNaOs: 350.1071. Found: 350.1070.

Other spectroscopic information provided: COSY, NOESY and HSQC NMR.

2.6.12 General procedure for azidation of epoxide oxepane 11

The azidation reaction was also performed in epoxide 11 following the same reaction and work
up conditions as mentioned above for the azidation of anhydrooxepanel2. A mixture of 11 (18
mg, 0.0632 mmol), NaNs (13.8 mg, 0.1896 mmol), and 15-crown-5 (41.40 mg, 0.1896 mmol) in
DMF (2 mL) was heated to 100° C for 3 hours. After completion, DMF was evaporated under
vacuum at 100° C and the crude was purified by column chromatography (2-6% MeOH/
CH:CI>) to give an inseparable mixture of 13 and 14. This mixture was further purified by
reverse phase HPLC (Hamilton PRP-1, 10um-100 A-10x250 mm. Eluent conditions: A: ACN,
B: H20, gradient: 0-50% ACN in 36 minutes) to obtain pure 13 (Rt: 25.5) and 14 (Rt: 22.7) as
white solids. Rt (20% MeOH/ CH2Cl»): 0.70. Structure and ratio of the obtained products were
confirmed by HNMR of the isolated product mixture (13/14 = 1/2.3, total of 11 mg, 0.033

mmol, yield: 70%).
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2.6.13 1-[(3S,4S,5R,6R)-(3-chloro-2,3-dideoxy-4,5-dihydroxy-6-hydroxymethyl)-g-
oxepanyl] thymine (15)
Compound 12 (23 mg, 0.081 mmol) was coevaporated with dry pyridine and kept under vacuum
overnight prior to reaction. A solution of 12 in anhydrous DMF (2 mL) was then treated with
HCI-Py (113 mg, 0.975 mmol). The mixture was stirred overnight at room temperature under
argon atmosphere. After reaction completion, DMF was evaporated under vacuum at 60° C and
the crude was purified by column chromatography (2-5% MeOH/ CHCl,) to give 15 as a white
solid (22.8 mg, 0.071 mmol, 88%).R¢ (20% MeOH/ CH2Cl.): 0.76.
IH NMR (DMSO-ds, 500 MHz) 511.24(bs, 1H, NH), 7.58 (d, 1H, H6, J= 1.1), 5.98 (dd, 1H,
H1',J=6.1,J=9.3),5.77 (d, 1H, 5OH, J=4.9), 5.01 (d, 1H, 4'OH, J = 6.7), 4.51 (t, I H, 7°OH, J
=5.8),4.41 (dd, H, H3", J= 7.1, J=9.7), 4.10 (m, 1H, H5'), 3.55 (m, H7"), 3.27-3.40 (m, 3H, H4,
H6', H7"), 2.43 (m, 1H, H2"), 2.26(m, 1H, H2'), 1.76 (s, 3H, CHz3).3C NMR (DMSO-ds, 125
MHz) ¢165.1,150.4, 136.8, 110.3, 83.0, 82.8, 72.1, 71.1, 62.4, 60.8, 38.9, 10.9.HR ESIMS: m/z
[M+Na] calculated for C12H17CIN2NaOs: 343.0667. Found: 343.0662.
Other spectroscopic information provided: COSY and NOESY NMR in DMSO-ds,"HNMR

and COSY NMR in MeOD

2.6.14 Computational methods

The exploration of the torsional landscape of derivatives 10 and 11 was carried out using
classical molecular dynamics (MD) simulations, and the most stable conformations were then
energy minimized using quantum mechanical calculations. During the MD simulations, we
enhanced the sampling of sugar conformations using Bias-exchange Metadynamics (BE-Metd),

34,35 using 8 replicas (200 ns each) of the simulation system in parallel. In these calculations, we
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subjected dihedral angles d1, d2 and d3 of the seven membered rings (Figure 2.11) to a time-

dependent biasing potential to speed up conformational barrier crossing at room-temperature,

- o1

9 % ﬁ Figure 2.11 Schematic illustration of dihedrals angles
il - that were subject a biasing potential during our Bias-

<\’ f*d1 Exchange Metadynamics sim_ulations_ (d1, d2, d3), and
é\ . those that were used as restraints during our quantum

mechanical geometry optimization (d1, d2, d3 and y).

J/dz

while still generating a canonical ensemble. Each dihedral was biased in a different replica of the
system, and we included five additional non-biased replicas. In each biased replica, the dihedral
under consideration was biased with a time-dependent Gaussian potential deposited every 1 ps,
with Gaussian width of o = 0.1 and height of h = 0.15 and a tempered bias equal to 8. An
exchange step between pairs of replicas, biased or not, was attempted every 2 ps using a
Metropolis acceptance criteria.

The initial structures for derivatives 10 and 11 were prepared with the help of Avogadro
molecular editor®® starting from canonical coordinates of deoxyribosyl thymine available from
Amber LEAP program.®” Each derivative was immersed in a previously equilibrated water
octahedral box such that the box boundaries were positioned at least 2 nm away from the
nucleoside atoms. We used Amber's GAFF forcefield® to describe the intramolecular and
intermolecular interactions of each derivative and the SPC/E* model to describe the water
molecules. The set of fractional single-point charges was refined from quantum mechanical
calculations at the HF/6-31G* level using RESP electrostatic fitting.*® The classical simulations

were carried out using the Gromacs-4.6 software,** with periodic boundary conditions and the
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particle mesh Ewald method*? for the long-range electrostatics, using a cut-off of 1.0 nm for the
short-range repulsive and attractive dispersion interactions, which were modeled via a Lennard-
Jones potential. We used constraints*® on the bond lengths and angles of water molecules, as well
as for the bond lengths of the derivatives,** allowing a time step of 2 fs for the integration of
Newton equations of motion. The temperature was held constant at 300 K using Parrinello’s
thermostat.*> We used accepted structures in the 8 replicas to perform a structural clustering and
extract the most probable conformations, i.e. those with the lowest free energy. We reweighted
(un-biased) the structures that were generated in the biased replicas using a weighted histogram
method. The structural clustering was performed using a single-linkage algorithm using the root
mean square deviation (RMSD) between ring atoms as a distance metric with a cutoff of 0.15
nm. We used a representative structure (a cluster centroid) of the 25" most populated clusters as
initial structures for subsequent quantum mechanical calculations, i.e. geometry optimization and
proton-proton J-coupling calculations (only data on structures with a theoretical weight above
0.5% in the total ensemble are reported here).

Quantum mechanical geometry optimizations were performed at the M062x/6-31+G(d,p) level
restraining the dihedrals d1, d2 and d3, and the y angle linking the sugar ring with the thymine
substituent to the values obtained from the representative structures obtained from the lowest
free energy conformations (Figure 2.11). The effect of the solvent (methanol) was included by
means of a continuum solvation model SMD.*® The calculation of proton-proton NMR J-
couplings were performed on the lowest energy structures (threshold of 6 kJ/mol from global
minima) using the GIAO/B3LYP/aug-cc-pVDZ methodology*”° (along with methanol
solvation via SMD continuum model).%* Prior to the NMR calculation with GIAO method the

structures were re-optimized using the B3LYP/aug-cc-pVVDZ level of theory.
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lowest-free energy structures obtained from our BE-MetD simulations, in increasing order of
energy and referenced to the lowest energy state for 10 and 11. For each structure, the

seudorotation parameters and their percentages are given.

Table 2.3 Results of the constrained quantum mechanical geometry optimization for the lowest free
energy conformations obtained from our BE-Metd simulations for derivative 11. Along with the relative
energy, referenced to the lowest energy conformation, we give their Boltzmann weight (normalized using
the lowest 25 energies) the pairs of puckering amplitudes and pseudorotation angles (g2, ¢2) and (qs, ¢3),
which define the pseudorotation state of the ring, as well as the percentage of each amplitude.

Structure Energy (kJ/mol) B%&Zgﬁ”” 02 02 % 02 (o] 03 % 03
1 0 0.649 0.006 53.33 0.68 0.068  175.68 99.32
2 2.514 0.235 0.019 17.55 7.31 0.068  179.43  92.69
3 6.383 0.049 0.026 5.32 12.63 0.069  182.27 87.37
4 6.865 0.041 0.015 55.60 4.66 0.066 17246 95.34
5 10.195 0.011 0.015 2.71 4.22 0.07 185.35 95.78
6 11.105 0.007 0.079 23098  84.28 0.034 23715 15.72
7 12.015 0.005 0.032 16.37 17.92 0.067  179.03 82.08
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Table 2.4 Results of the constrained quantum mechanical geometry optimization for the lowest free
energy conformations obtained from our BE-Metd simulations for derivative 10. Along with the relative
energy, referenced to the lowest energy conformation, we give their Boltzmann weight (normalized
using the lowest 25 energies) and the pairs of puckering amplitudes and pseudorotation angles (g2, ¢2)
and (gs, @3), which define the pseudorotation state of the ring, as well as the percentage of each
amplitude.

Structure (E\r]]/er;%}ll) B(\)Atllezir;t?tnn o i %a. d e %4
1 0 0.170 0.05 239.91 34.87 0.068 140.32 65.13
2 0.027 0.168 0.051 234.95 36.16 0.068 137.78 63.84
3 0.857 0.120 0.049 243.30 33.82 0.068 142.09 66.18
4 0.89 0.119 0.05 227.82 354 0.068 134.87 64.6
5 1.8 0.082 0.051 231.29 35.84 0.068 136.19 64.16
6 1.978 0.077 0.048 246.32 33.48 0.068 143.46 66.52
7 2.29 0.068 0.048 247.11 33.27 0.068 143.74 66.73
8 2.948 0.052 0.048 248.42 33.21 0.068 144.40 66.79
9 3.563 0.040 0.044 214.26 29.85 0.068 132.39 70.15
10 4.134 0.032 0.048 187.51 33.82 0.067 125.67 66.18
11 5.237 0.021 0.049 250.89 33.84 0.068 145.44 66.16
12 6.197 0.014 0.055 240.85 41 0.065 141.09 59
13 6.372 0.013 0.045 217.71 30.18 0.068 133.46 69.82
14 6.774 0.011 0.05 176.07 36.58 0.066 122.72 63.42
15 7.998 0.007 0.053 244.29 39.91 0.066 142.90 60.09

2.6.15 Crystallographic information

The Crystals of nucleoside 12 were mounted with Mitegen mounts using Paratone-N from
Hampton Research. Single-crystal X-ray diffraction experiments were carried out with a
BRUKER APEX-Il Charge-coupled device (CCD) diffractometer using graphite-
monochromated Mok, radiation (1 = 0.71073 A) and KRYOFLEX for low temperature

experiments. SAINT®2 was used for integration of the intensity reflections and scaling and
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SADABS®? for absorption correction. Patterson maps were used to generate the initial solutions.
Non-hydrogen atoms were located by difference Fourier maps and final solution refinements
were solved by full-matrix least-squares method on F? of all data, using SHELXTL®? software.
The hydrogen atoms were placed in calculated positions, except for the protons of the methanol
solvent which were located from difference maps. The crystal structure was solved in the chiral
space group P212:2; with the Flack parameter of 0.2.* Crystals of compound 12 were obtained
from slow evaporation of CD3OD at room temperature. The crystallographic data for 12 has been

deposited at the Cambridge structural database (CSD) under the deposition number 1431967.
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CHAPTER 3: EFFECT OF 2'-5° LINKAGE MODIFICATION ON RNA

INTERFERENCE EFFICIENCY

3.1  Overview

This chapter focuses on the effect of the 2'-5' linkage modification on siRNA efficiency and
interactions of such siRNAs with the proteins involved in the RNAI pathway. siRNA libraries
targeting firefly luciferase and P53 mRNAs were prepared with different positional variations of
2'-5' linkages throughout the sense or antisense strands of the duplexes. Screening of these
libraries against their corresponding mRNA targets showed that 2'-5' linkages are tolerated in the
sense strand and, to some extent, the antisense strand of siRNAs. Furthermore, 2'-5' modified
siRNAs were found to be less immunostimulatory than unmodified siRNAs. To study the effect
of 2'-5' modified siRNAs on their interactions with the RNAI pathway proteins, a selection of
these siRNAs were enzymatically phosphorylated, and their loading into the hAGO2 protein
were investigated by gel shift assays. Extensive 2'-5' modification of the antisense strand
minimally affected phosphorylation of the siRNA by kinases, however, it was found to affect
loading of the siRNA into hAGO2. Molecular modelling and MD simulations of the 2'-5'
modified siRNAs in the active site of hAGO?2, also, suggested that the presence of too many 2'-5'
linkages affects hAGO2-siRNA key interactions via structural changes in the RNA duplex.
Nevertheless, our results show that 2'-5' modified siRNAs can afford a potent class of modified

SiRNAs with diminished immunostimulatory response.

3.2 Introduction
RNA, as explained in Chapter 1, has been proposed to play a key role in the early evolution of

primitive life before DNA and proteins were evolved.® However, nonenzymatic RNA replication
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in early life would have, quite likely, led to a mixture of 2'-5' and 3'-5' linkages.? Recent research
has demonstrated that RNA with mixed 2'-5/3-5' backbone can fold into defined three-
dimensional structures that retain molecular recognition and catalytic properties. Szostak and co-
workers recently reported that hammerhead rybozymes containing up to 25% randomly
distributed 2'-5' linkages are still able to retain their catalytic activity.> However, a study by
Wang and co-workers investigating the effect of 2'-5' linkages on the efficiency of RNA
synthesis by RNA polymerase Il demonstrated that this protein cannot bypass this linkage
modification sites in a DNA template, pausing at the 2'-5' linkage site.*

While structures of a homogeneously 2'-5' -linked RNA duplex®!! and 2'-5-linked
dinucleotides*® are known, high resolution crystallographic data on mixed-backbone RNA
duplexes has been reported only recently.'® These duplexes share the same global structure as the
native duplex, suggesting that RNA backbone can accommodate perturbations caused by a few
2'-5' linkages. These crystallographic studies, along with accompanying molecular dynamics
simulations, provided structural insights into the RNA duplex parameters, as well as nucleotide
puckering changes upon linkage modification.'® In contrast to RNA, the 2'-5' linked RNA adopts
the C2'-endo (“South”) sugar conformation, yet 2'-5'-RNA:RNA duplexes adopt an A-form
structure, affording duplexes with good thermal stability, albeit less stable in comparison with
the native RNA:RNA duplex.® 1415,

For the past several years, our lab has been interested in studying the structure and function of 2'-
5 linked RNAs. Giannaris and Damha reported that 2'-5' linked RNAs can bind to
complementary RNA, but only weakly (if at all) to complementary single stranded DNA.®
Further studies in our laboratory by Wasner et al. demonstrated that RNA:2’-5-RNA duplexes

structures resemble more closely the structure of the RNA:DNA hybrids, which adopt an A-like
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character. The melting temperature comparison of the backbone-modified duplexes with that of
the unmodified duplexes revealed the order of thermal stability as RNA:RNA > DNA:DNA =~
RNA:DNA > RNA:2'-5-RNA > 2'-5'-RNA:2'-5-RNA > DNA:2'-5-RNA. Also, RNA:2'-5'-
RNA duplexes were found to inhibit the RNase H-mediated cleavage of a natural DNA:RNA
substrate, even though they were not substrates of this enzyme.*

In line with our previous studies, we became interested in investigating the effect of the 2'-5'
modification on siRNA efficiency, and interactions of such siRNAs with the proteins involved in
the RNAI pathway. As described below, our findings fully support the notion that mixed 2'-5'/3'-
5' linkages in RNA could have been an important alternative functional backbone during early

evolution.

3.3  2'-5'-Linkages in gene silencing oligonucleotides

As discussed in Chapter 1, 2'-5'-RNA is an attractive candidate for ON therapeutics due to its
nuclease stability, simplicity, affordable monomers, and feasible synthesis. In fact, the required
2'-phosphoramidites are produced from byproducts obtained in the synthesis of the more
common RNA 3'-phosphoramidite monomers. Furthermore, as for RNA, solid-phase synthesis of
2'-5'-RNA proceeds with high efficiency employing nearly identical conditions during growth of
the oligonucleotide chain.'* 618 2'.5".DNAs and 2'-5'-RNAs were both found to be resistant
towards enzymatic hydrolysis by cellular and serum exonucleases and intracellular
endonucleases, suggesting that this linkage can confer adequate stability in vivo.!® 12! Finally,
mixed backbone (2'-5'/3'-5") DNA showed less nonspecific binding to plasma and cellular
proteins in comparison to 3'-5' linked phosphorothioate oligonucleotides.?* This result suggests

that 2'-5'-oligonucleotides may produce less side-effects, compared to 3'-5'-oligonucleotides,?
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and make the 2'-5' linkage a very attractive modification to employ in ON drug candidates,
specifically in sSiRNAs.

Extensive research has been reported on the 2'-5' linked AON.??> However, there is only one
report by lonis Pharmaceuticals on utilizing this modification in siRNAs.? In this study, sSiRNAs
duplexes with fully modified 2'-5'-RNA sense or antisense strands were designed to target the
coding region of human phosphatase and tensin homolog (PTEN) mRNA (Figure 3.1). The 2'-5'
linkage was found to be tolerated in the sense strand, showing moderate activity in reducing the
message in cultured human cells, whereas it appeared to be less tolerated in the antisense strand.
Based on these results, they concluded that 2'-5' linkage modification could be a useful as a

“sense-only” modification for SiRNA therapeutics.
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£ 0200 nM
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1:2 5:6 1:6 5:2
siRNA (S:As)
1:2 S S rCAAAUCCAGAGGCUAGCAG) TT ¥
As ITT rGUUUAGGUCUCCGAUCGUC) 5°
5:6 S S CAAAUCCAGAGGCUAGCAG) TT  2°
As 2T rGUUUAGGUCUCCGAUCGUCY 57
1:6 S 5 r(CAAAUCCAGAGGCUAGCAG) TT 3
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Figure 4. Reduction of endogenous PTEN mRNA in Hela cells by
2T S RNAJ S-RNA duplexes; S, sense strand; As, antisense strand;
2" 5'-linked residues in underline italics; TT overhangs with 3’ 5-
linkages.

Figure 3.1 Reported results by lonis Pharmaceuticals on 2'-5' modified siRNAs.?® Reduction of
endogenous PTEN mRNA in HeLa cells by 2'-5'-RNA/3'-5'-RNA duplexes is presented; S, sense strand;
As, antisense strand;2'-5'-linked residues in underline italics; TT overhangs with 3'-5'-linkages. Sample
5:2 with full sense strand modification (circled in red) showed moderate gene silencing activity against
PTEN mRNA. Figure from reference 3
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3.4  Project design and objectives

While the presented work by lonis pharmaceuticals was intriguing, it was only limited to study
the 2'-5' modified siRNAs targeting one mRNA sequence. Furthermore, in this study, only
siRNAs with fully modified sense or antisense strands were tested, raising the question of
whether siRNA with partially modified antisense strands could retain high gene silencing as
unmodified siRNAs. To answer this question, we designed and synthesized siRNA libraries
targeting two mRNA sequences (firefly luciferase and P53 mRNA targets) with different
positional variations of 2'-5' linkages throughout the sense or antisense strands. We started these
studies with a simple modification design: dividing each of the 21-nt sense and antisense strands
into three sections each comprising a 7-nt segment (5'-end, central, 3'-end). Consecutive 2'-5'
linkages were placed on each of these segments, while keeping the rest of the RNA strand
unmodified (Figure 3.2). Screening of these libraries would reveal if modification of any
specific positions on the siRNAs sense or antisense strands can result in better gene knock down
activity.

We also wished to perform more in depth screening by incorporating the 2'-5" modification at

every possible position within the AS strand. This strategy would reveal possible active

5 PPTTTITTTTITT AT 3 sense  passenger
7 CABARBRBARBREOAEBRBRRS 5 antsense/gude

cleavage site  “seed region”

Figure 3.2 Schematic presentation of SiRNA modification design: different positional variations of 2'-5'
linkages throughout the sense or antisense strands of an siRNA are represented with yellow (5'-end
strand modification), Red (central strand modification), and blue (3'-end strand modification).
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modification patterns within an inactive larger segment of modification, as well as the tolerance
of the antisense strand towards the number of 2'-5' linkages within a smaller segment of the AS
strand.

Finally, we aimed to study the structural effects of 2'-5' linkage on the interactions of these
modified siRNAs with enzymes involved in the RNAI pathway, such as kinases and hAGO2.
This study focused on siRNAs with a modified AS strand with the aim to assess the tolerance

limit of the RISC for 2'-5' linkages.

3.5  Targeting firefly luciferase by 2'-5'-linked siRNAs

Luciferase-based reporter gene assays are widely used as they allow for rapid library screening
and evaluation of gene knockdown. In this assay, cells are modified to express the firefly
luciferase mRNA. The level of luciferase protein can be quickly quantified using commercially
available kits and through the addition of luciferin, a substrate of luciferase. Hence, luciferin is
oxidized to produce oxyluciferin and bioluminescence (and hence luciferase activity) can be
quantified using a luminometer. With the proper controls, this luciferase assay is a fast and
efficient way for comparing the knockdown potency of a large number of siRNAs.

Our first siRNA library was synthesized based on targeting firefly luciferase mRNA and its
sequences are shown in Table 3.1. All luciferase assays in this thesis were conducted by Dr.
Johans Fakhouri from the Sleiman research group of our Chemistry Department.

Firefly luciferase levels following treatment with chemically modified siRNAs at a range of
concentrations are shown in Figure 3.3. All siRNAs modified in the sense strand (Luc S1, S2,
S3) were highly potent with 1Cso values within the same range as the unmodified siRNA control

duplex (Figure 3.3). Duplexes Luc- S1, -S2 and -S3 all showed higher activity than Luc-S7, the
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siRNA with full sense strand modification, indicating that a few 2'-5" modifications in the sense
strand can result in highly efficient mMRNA knockdown.

None of the siRNAs with antisense modifications (Luc- AS4, -AS5, -AS6, AS8) showed any
significant activity. For these duplexes, inhibition of luciferase activity (by ca. 20-30%) was only
observed in the 20-100 nM range. This was in agreement with the previous findings by lonis
Pharmaceuticals that 2'-5' linkages are not well tolerated in the antisense strand of sSiRNAs, but
also show that even a smaller number of 2'-5' linkages (up to 33%) results in inactive siRNAs.
As expected, 2'-5" modification was destabilizing to the siRNA duplex (Tm values of duplexes are
shown in Table 3.1).

Comparing the Tm values of Luc-S3 versus Luc-AS4 (and Luc-S1 vs Luc-S3) suggests that the
2'-5' modification has a larger impact on duplex stability when it is located within a GC-rich
segment, rather than an AU-rich segments. The same pattern is seen in Luc-S1 (Tm: 55.5 °C) and
Luc-AS6 (Tm: 60.0 °C) siRNAs, both with modifications located on nucleotides involved in base
pairing, at the 5'-end of the sense and antisense respectively. This suggests that the 2'-5' linkage
can affect RNA duplex stability by disrupting base pairing interactions. Molecular dynamics

experiments described in Section 3.10 of this chapter are in agreement with this hypothesis.

85



Table 3.1 siRNAs targeting firefly luciferase MRNA, modified with 2'-5' linkages at various positions of
sense or antisense strands. Sequences and thermal denaturation values of these siRNAs are shown below.
Legend: 2'-5' linked RNA, 3'-5' linked RNA.

Tm value
Sample Sequence °C) ICso (NM)
Luc S1 (S) 5- GCUUGAA GUCUUUA AUUAAUU -3 555 13
(AS) 3- GGCGAAC UUCAGAA AUUAAUU -5' '
Luc S2 (S) 5- GCUUGAA GUCUUUA AUUAAUU -3 55.2 29
(AS) 3- GGCGAAC UUCAGAA AUUAAUU -5' ' '
Luc S3 (S) 5'- GCUUGAA GUCUUUA AUUAAUU-3' 601 20
(AS) 3- GGCGAAC UUCAGAA AUUAAUU -5' '
(S) 5- GCUUGAA GUCUUUA AUUAAUU -3
Luc AS4 (AS) 3-GGCGAAC UUCAGAA AUUAAUU -5' 539 >400
(S) 5'- GCUUGAA GUCUUUA AUUAAUU -3
Luc ASS (AS) 3- GGCGAAC UUCAGAA AUUAAUU -5' 53.1 >400
(S) 5- GCUUGAA GUCUUUA AUUAAUU -3
Luc AS6 (AS) 3- GGCGAAC UUCAGAA AUUAAUU-5' 60.0 >400
() 5'- GCUUGAA GUCUUUA AUUAAUU -3'
Luc S7 (AS) 3- GGCGAAC UUCAGAA AUUAAUU -5' 45.0 n
(S) 5- GCUUGAA GUCUUUA AUUAAUU -3
Luc AS8 (AS) 3'- GGCGAAC UUCAGAA AUUAAUU-5 40.0 265
Luc-ctrl () 5- GCUUGAA GUCUUUA AUUAAUU -3 65.0 10
(AS) 3'- GGCGAAC UUCAGAA AUUAAUU-5 ’
1.51
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Figure 3.3 Assay demonstrating activity of 2'-5' modified siRNAs (n=2) at a range of 0.16, 0.8, 4, 20,
100 nM siRNA concentrations; Firefly luciferase levels were normalized to total cellular protein and
luciferase counts of cells treated with a scrambled non-targeting siRNA.
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3.5.1 Chemical phosphorylation of 2'-5'-modified AS strands

It is well known that cellular kinases may not be effective at phosphorylating modified
nucleotides placed at the 5'-terminal of the antisense strands. Since 5'-phosphate is required for
RISC loading (via binding to AGO2’s MID domain), a common practice is to chemically
phosphorylate the 5'-modified antisense strands of the siRNAs prior to testing.?

To investigate the reasons behind inactivity of the sSiRNAs with 2'-5-modified antisense strands,
the AS strands of siRNAs Luc-AS4, -AS5, -AS6, -AS8, and the control duplex were 5'-
phosphorylated, then annealed to their complementary sense strand and again tested in the
luciferase assay (Figure 3.4). Chemical phosphorylation of antisense strand turned out to not
enhance the RNAI activity of 2'-5'-linked siRNAs, as none of the chemically phosphorylated
siRNAs could exhibit gene silencing activity. This finding form the basis of further mechanistic

assessments that will be described in in section 3.9 of this chapter.
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3.6  Targeting P53 mRNA by 2'-5-modified siRNAs

When a potent siRNA design is found, the reproducibility of such siRNA needs to be tested
against at least another (and preferentially many) different mMRNA sequence(s). This ensures that
the design can be universally applied to any target. Since we found that siRNAs targeting firefly
luciferase were active when placing the 2'-5' modification in the sense strand, and inactive when
modified in the antisense strand, we applied the same modification pattern within siRNAs
targeting P53 mRNA.

The Trp53 tumor suppressor gene regulates cell division by coding p53, a protein that keeps cells
from growing and dividing in an uncontrolled way. P53 also promotes cell death in response to
hyperproliferative signals.?® A “p53 knockdown assay” utilizes cells that have been transformed
to overexpress Trp53. Given the high level of p53 protein they produce, these cells are constantly
dying. Thus, the outcome of a successful p53 mRNA knockdown via RNAI, is that cells would
now growth normally and rapidly. For this system, western blot assays are not precise enough to
quantitate p53 protein levels,?® hence we employed a luciferase reporter gene, containing a
cloned target site for P53 siRNA.

The gene coding for the target mMRNA is cloned upstream of a luciferase gene in an expression
vector and then introduced into the cell, along with the siRNA targeting the mRNA.2" 28 Since
the target mMRNA gene is fused to the luciferase reporter gene, the luciferase activity detected is
directly correlated to the mRNA activity, and hence, is a measure of siRNA potency. All the
Trp53-luciferase reporter assays described below were conducted by Dr. Regina Cencic from the

Pelletier research group in the department of Biochemistry at McGill University.
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3.6.1 P53 mRNA knockdown by 2'-5'-modified siRNAs

A library of siRNAs targeting P53 mRNA were synthesized (Table 3.2) following the same

modification design utilized in the luciferase assays (Section 3.5). Renilla luciferase levels were

measured relative to the unmodified renilla reporter, following treatment with chemically

modified siRNAs at a range of concentrations (Figure 3.5).

While siRNAs modified in different positions of the sense strand showed high potencies

comparable to the unmodified control, the siRNAs modified in the antisense strand either

completely lost activity (p53-AS4) or showed diminished potencies (P53-AS5 and AS6). These

results are in full agreement with our earlier findings with 2'-5' modified siRNAs targeting firefly

luciferase. However, the decrease in activity induced by 2'-5' linkages in the AS strand seems to

Table 3.2 siRNAs targeting P53 mRNA, modified with 2'-5' linkages at various positions of sense or
antisense strands. Sequences and thermal denaturation values of these siRNAs are shown below. Legend:
2'-5' linked RNA, 3'-5' linked RNA

Sample

P53-S1

P53-S2

P53-S3

P53-AS4

P53-AS5

P53-AS6

P53-ctrl

(S)
(AS)

()
(AS)

)
(AS)

(S
(AS)

(S)
(AS)

(S)
(AS)

(S)
(AS)

Sequence

3-CCAAUGU GUACAUG AACAUCA-5'

5-UUACACA UGUACUU GUAGUGG-3'

3'-CCAAUGU GUACAUG AACAUCA-5'
5-UUACACA UGUACUU GUAGUGG-3'

3'-CCAAUGU GUACAUG AACAUCA-5'
5-UUACACA UGUACUU GUAGUGG-3'

3-CCAAUGU GUACAUG AACAUCA-5'
5-UUACACAUGUACUU GUAGUGG-3'

3-CCAAUGU GUACAUG AACAUCA-5'
5-UUACACA UGUACUUGUAGUGG-3'

3-CCAAUGU GUACAUG AACAUCA-5'
5-UUACACA UGUACUU GUAGUGG-3'

3'-CCAAUGU GUACAUG AACAUCA-5
5-UUACACA UGUACUU GUAGUGG-3'
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Tm value (°C)

64.0

57.3

59.5

61.6

59.8

63.9

69.7
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Figure 3.5 Renilla reporter assay demonstrating activity of 2'-5' modified siRNAs targeting P53 mRNA
(n=2) at a range of 0.16, 0.8, 4, 20, 100 nM siRNA concentrations.

be sequence dependent. This was concluded based on the fact that, unlike AS modified siRNAs
targeting luciferase, sSiRNAs p53-AS5 and -AS6 retained some activity (Figure 3.5). Predictably,
among antisense modified siRNAs targeting p53, the most inactive siRNA was P53-AS4, which
had the modification in the seed region, which is highly sensitive to modifications.

Similar to luciferase targeting siRNAs, no correlation was observed between activity and duplex
thermal stability (Tm). Of note, the P53 target sequence, unlike the luciferase sequence, had a
more homogenous distribution of the GC nucleotides across the siRNA duplex. Consequently,

obvious correlations could not be observed between base sequence and duplex stability.
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3.7 Immunostimulatory effect of 2'-5'-modified siRNAs

As previously explained in Chapter 1, chemical modification of sSiRNAs has proven to be helpful
in lowering the immunostimulatory effect induced by ON drug candidates. For example,
unmodified siRNA treatment can lead to a strong interferon-a (IFN-a) responses in human
peripherial blood mononuclear cells (PBMCs).?® 3° To investigate whether 2'-5' modified
siRNAs are able to reduce the nonspecific immunostimulatory activity, an immune response
assay on PBMC cells treated with unmodified or modified siRNAs was performed by Dr.

Mayumi Takahashi (Dr. John Rossi lab) at the Beckman Research Institute at City of Hope.

SiRNAs used in this study are listed in Table 3.3. PBMC cells were transfected with unmodified
or modified siRNAs (Figure 3.6) using 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP),

as the transfecting reagent. IFN-o and IL6 production levels were measured 24 hours later by an

Table 3.3 Sequences of single stranded RNAs and siRNAs modified with 2'-5' linkages targeting 728UU
gene. Legend: 2'-5' linked RNA, 3'-5' linked RNA. The highlighted UGUGU sequence was reported to be
the highly immunostimulatory motif and is incorporated in the sense strand of the siRNA targeting
728UU.

Sample Sequence

5- AAAUCGCUGAUUUGUGUAGUU-3'

728UU ctrl 3-UUUUUAGCGACUAAACACAUC-5'
5-AAAUCGCUGAUUUGUGUAGUU-3'

728UU-25S 3-UUUUUAGCGACUAAACACAUC-5'
5-AAAUCGCUGAUUUGUGUAGUU-3'

728UU-25AS 3-UUUUUAGCGACUAAACACAUC-5'

RNA-S 5-AAAUCGCUGAUUUGUGUAGUU-3'

RNA-AS 3-UUUUUAGCGACUAAACACAUC-5'

2515 5-AAAUCGCUGAUUUGUGUAGUU-3'

2EAS 3-UUUUUAGCGACUAAACACAUC-5'
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enzyme-linked immunosorbent assay (ELISA). This experiment was initially performed on
siRNAs previously tested in the P53 knockdown assays. However, the IFN and IL6 levels
observed upon siRNA treatment were not high enough for a valid comparison between modified
and unmodified samples. To overcome this, we selected an siRNA sequence previously reported
to have strong immunostimulatory activity in PBMCs (728UU).2° The high immune response
detected with this sequence was reported to be due to a "UGUGU" pentanucleotide sequence
embedded in sense RNA strand. Hence, we aimed to investigate whether the corresponding
siRNAs with a 2'-5'-linked UGUGU segment would exert the same immune response (Figure
3.6).

The data obtained suggest that PBMCs treated with the unmodified control siRNAs (728UU ctrl)

and single stranded RNA controls (RNA-S and RNA-AS) led to a significant increase in IFN

IFN-a IL-6
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Figure 3.6 Comparison of immunostimulation prior to treatment with the siRNAs targeting 728UU. IFN
levels were measured in PBMC cells 24 hours after sSiRNAs were transfected in duplicate using DOTAP.
IFN-a levels (left graph) and IL-6 levels (right graph) in response to unmodified control siRNAs (728UU
ctrl) and control single stranded RNAs (RNA-S and RNA-AS), is compared to 2'-5'- modified siRNAs
(728UU-25S and 728UU-25AS) and single stranded 2'-5' RNAs (2'-5'-S and 2'-5'-AS). Cells only was the
negative control with no reagents. DOTAP only treatment was transfection without siRNA. Data were
collected in duplicate for each of six donors. Bars indicate standard deviation.
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production compared to the mock treatments (i.e., cells with either no treatment or cells exposed
only to DOTAP) (Figure 3.6).

Modification of the AS strand of 728UU siRNA (728UU-25AS), or within the UGUGU segment
located in the sense strand (728UU-25S), all lowered IFN levels. However, IFN levels induced
by 728UU-25S was significantly lower, in comparison with 728UU-25AS, suggesting that direct
modification of UGUGU motif has a more pronounced effect on abrogating the immune
response. Interestingly, the unmodified RNA single strands (RNA-S and RNA-AS) were
immunostimulatory, in contrast to the corresponding 2'-5-modified single strands (2'-5'-S and 2'-
5'-AS). This result suggests that, independent of base sequence, incorporation of 2'-5' linkages
abrogate the immunostimulatory profile of single stranded ONs. Induction of IL6 by siRNAs
followed the same general trend, although reduction in IL6 levels by treatment with modified
siRNAs were not as significant (Figure 3.6).

In summary, these results demonstrate that the immunostimulatory effect of siRNAs can be
abrogated by incorporation of 2'-5' linkages within their sequence. The effect was more profound
when the 2'-5' linkages were placed within the immunostimulatory motif, indicating that the
degree by which the 2'-5' modification can reduce immunostimulation is somewhat sequence

dependent.
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3.8  Positional screening of 2°-5" linkage in siRNAs with modified AS strand

Previously, we demonstrated that incorporation of even up to 33% 2'-5' linkages in sSiRNA's AS
strand resulted in loss of RNAI activity. The 2'-5" modification was found to be most detrimental
when placed in the seed region of the duplex. The results of our study showing that 2'-5' linkage
in an siRNA can decrease the immune response, encouraged us to investigate the tolerance of
antisense strand for this modification in more detail. Specifically, we wondered if single and/or
multiple substitution effects in the antisense strand are position-dependent. Towards these goals,
we focused on a library of siRNAs targeting firefly luciferase containing all possible 2'-5'
substitutions within the AS strand UUAAUU segment, located at the 5'-end of the AS strand.
These nucleotides fall in the siRNA seed region, which is known to be very sensitive to chemical
modifications, and so, its interaction with AGO2 has been studied in depth.3*3

To build the siRNAs with all possible modification patterns at this region, a library of (2)"6 = 64
oligonucleotide strands were synthesized as AS strands (we will refer to this library in this thesis
as the “64-member library”; Table 3.4). Strands synthesized had a range of zero to six 2'-5'
linkages statistically distributed along the 6-nt segment and annealed to the complementary sense
strand for luciferase assay screening.

The initial screening was performed at one siRNA concentration (20 nM). The efficiency of
these siRNAs in knocking down the firefly luciferase mMRNA is arranged based on their potency

from the most active (#1) to the least active (#56) siRNA (Figure 3.7).
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Table 3.4 siRNA antisense strands modified with 2'-5'linkages at six nucleotides at the 5' terminal.
Modified region is underlined. 3-5' linked RNA, 2'-5' linked RNA (lowercase), RNA (unmodified
region). Sense strand sequence is5'- GCUUGAAGUCUUUAAUUAAUU -3'.

© 00 N oo o~ W N e

W W W NN NN N NN NN NDDN PR RE, R, R, R, R PR
N PO © 00 N OO O A WO DN PO O 0O N OO Ul B~ W N P+ O

5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAaUUAAAGACUUCAAGCGG -3'
5'- UUAaUUAAAGACUUCAAGCGG -3'
5'- UUAauUAAAGACUUCAAGCGG -3'
5'- UUAauuAAAGACUUCAAGCGG -3'
5'- UUaAUUAAAGACUUCAAGCGG -3'
5'- UUaAUUAAAGACUUCAAGCGG -3'
5'- UUaAuUAAAGACUUCAAGCGG -3'
5'- UUaAuuAAAGACUUCAAGCGG -3'
5'- UUaaUUAAAGACUUCAAGCGG -3'
5'- UUaaUuUAAAGACUUCAAGCGG -3'
5'- UUaauUAAAGACUUCAAGCGG -3'
5'- UUaauuAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UUAAUUAAAGACUUCAAGCGG -3'
5'- UuUAAUUAAAGACUUCAAGCGG -3'
5'- UuAaUUAAAGACUUCAAGCGG -3'
5'- UuAauUAAAGACUUCAAGCGG -3'
5'- UuAauuAAAGACUUCAAGCGG -3'
5'- UuaAUUAAAGACUUCAAGCGG -3'
5'- UuaAUUAAAGACUUCAAGCGG -3'
5'- UuaAuUUAAAGACUUCAAGCGG -3'
5'- UuaAuuAAAGACUUCAAGCGG -3'
5'- UuaaUUAAAGACUUCAAGCGG -3'
5'- UuaaUuAAAGACUUCAAGCGG -3'
5'- UuaauUAAAGACUUCAAGCGG -3'
5'- UuaauuAAAGACUUCAAGCGG -3
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

5- UWWAAUUAAAGACUUCAAGCGG -3'
5'- UWWAAUUAAAGACUUCAAGCGG -3'
5'- UWUAAUUAAAGACUUCAAGCGG -3'
5'- WWAAUUAAAGACUUCAAGCGG -3'
5'- UWUAAUUAAAGACUUCAAGCGG -3
5'- WWAaAUUAAAGACUUCAAGCGG -3'
5'- UWWAauUUAAAGACUUCAAGCGG -3'
5'- UWWAaUUAAAGACUUCAAGCGG -3'
5'- UWWaAUUAAAGACUUCAAGCGG -3
5'- UWWaAUUAAAGACUUCAAGCGG -3'
5'- UWWaAuUAAAGACUUCAAGCGG -3'
5'- UWaAuuAAAGACUUCAAGCGG -3
5'- uUaaUUAAAGACUUCAAGCGG -3'
5'- uWaaUuAAAGACUUCAAGCGG -3'
5'- uUaauUAAAGACUUCAAGCGG -3'
5'- uUUaauuAAAGACUUCAAGCGG -3'
5'- WAAUUAAAGACUUCAAGCGG -3'
5'- WAAUUAAAGACUUCAAGCGG -3
5'- WAAUUAAAGACUUCAAGCGG -3'
5'- WAAUUAAAGACUUCAAGCGG -3
5'- uWAaUUAAAGACUUCAAGCGG -3'
5'- uuAaUUAAAGACUUCAAGCGG -3
5'- uUAaUUAAAGACUUCAAGCGG -3
5'- uuAauuAAAGACUUCAAGCGG -3'
5'- uWaAUUAAAGACUUCAAGCGG -3'
5'- uaAUUAAAGACUUCAAGCGG -3
5'- UaAUUAAAGACUUCAAGCGG -3
5'- ulaAUUAAAGACUUCAAGCGG -3'
5'- uwaaUUAAAGACUUCAAGCGG -3'
5'- uuaaUuAAAGACUUCAAGCGG -3
5'- uuaauUAAAGACUUCAAGCGG -3
5'- uuaauuAAAGACUUCAAGCGG -3'



As expected, the most active siRNA among all members was the unmodified siRNA. Next, we
analyzed the siRNA activity of siRNAs having the same number of modifications. Each group of
siRNAs containing the same number of modifications can have multiple possible arrangements,
depicted as color-coded subsets in Figure 3.7.

This analysis revealed some interesting patterns particularly for the subgroups containing two or
more linkage modifications: (i) The number of modification in each siRNA is not the only factor
governing the siRNA activity. For instance, siRNA #61 with four modifications is much more
active than many of the siRNAs with three modifications, suggesting that modification pattern
plays a role in the siRNA activity. (ii)The most active siRNAs have a consecutive arrangement
of 2'-5' linkages, whereas the least active sSiRNAs have alternating 2'-5' and 3'-5' linkages. This
pattern was observed among all subsets, with sSiRNAs #7 and #11 (2 modifications subset), #8
and #38 (3 modifications subset), and#61 and #54 (3 modifications subset) as the most and the
least active samples, respectively.

While the reasons behind this pattern dependence among 2'-5' siRNAs is unknown, it is
interesting to note that a recent study by Szostak and co-workers'® suggests that 2'-5' linkages
that are flanked with 3'-5' RNA nucleotides show less perturbation in the duplex parameters, due
to the flexibility induced by the flanking 3'-5'-linked RNA nucleotides. However, we found that
such alternating arrangement in SiRNA lead to less active duplexes, suggesting the local
structural changes induced by certain 2'-5’ patterns affect activity. Interestingly, previous studies
from our group®® comparing the stability changes in (rA)io: (rU)1o duplexes which differ only in
the arrangement of their 2'-5' linkages (alternating vs. consecutive), exhibited significantly
different stability patterns: duplexes with consecutive 2'-5' linkages, appeared to destabilize the

helix less than duplexes with alternating 2'-5" arrangements.
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However, in the series of decamer duplexes with mixed base sequence, the composition of the
nucleotides being connected via a 2'-5’ linkage was more influential, than the arrangement of the
2'-5" linkages. For instance, substitution of 2',5' linkages between uridines was more destabilizing
relative to substitutions between adenosines.'® Clearly, the degree which an siRNA duplex is
destabilized by 2'5' linkages largely depends on both the sequence and arrangement of the
linkage modifications.

We hypothesize that alternating 2'-5' linkages disturb the duplex structure to a larger extent than
the consecutive 2'-5' linkages, by virtue of the larger region being perturbed by alternating
linkages. Any firm conclusions correlating siRNA potency and structure will require detailed
structural investigation of siRNA duplexes bound to AGO2. We try to address this issue in

Section 3.10 of this Chapter.
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Figure 3.7 Positional screening of 2'-5' linked siRNAs targeting firefly luciferase. siRNAs are modified on the six nucleotides on the 5'-
terminal of AS strand and are represented by the number corresponding to their AS strand shown in Figure 3.4. siRNAs luciferase activity is
normalized to the negative control. sSiRNAs are arranged from the most active siRNA (#1) to the least active siRNA (# 56) The AS strand in
these siRNAs has between zero to six 2'-5' linkages statistically distributed among the six nucleotides. Each color represents a group of SiRNAs
with the same number of modifications. Within each group, the modification pattern corresponding to the AS strand of the most and least active
siRNAs areshown with an arrow underneath the graph. Sense strand of these siRNAs is omitted for clarity.
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3.9 Mechanistic investigations: 2'-5' linkage modification in the siRNAs AS strand

Following our positional screening of 2'-5' AS-modified siRNAs, we became interested in
gaining more mechanistic understanding on the underlying factors governing the acceptance of
2'-5' modification in the AS strand. The studies, thus far, have suggested that 5-phosphorylation
of the AS is likely not rate limiting, although this remained to be verified. It was also
conceivable that efficiency of siRNA loading into hAGO2 was compromised by modification of
the AS strand. Hence, both in vitro phosphorylation assay and an hAGO?2 loading assay were set
up. 2'-5' modified siRNAs (#49 and #64), as well as the unmodified control siRNA targeting
firefly luciferase from the previously synthesized 64 library (Table 3.4) were chosen as model

duplexes in this study.

3.9.1 Interactions of 2'-5'-linked siRNAs with kinase

Enzymatic phosphorylation normally results in the phosphorylation of both 5' terminals in an
siRNA. However, since we were specifically interested in the ability of the kinase to
phosphorylate the AS strands modified on the seed region, we performed the labelling assay only
on the modified AS single strand, rather than their corresponding siRNA duplexes (Figure 3.8).
During a phosphorylation assay, kinase enzyme incorporates a radiolabeled phosphate group
from radioactive [y-*?P] ATP into the 5'-OH of the oligonucleotide strand. The measurement of
the amount of radioactivity incorporated into an RNA substrate, after RNA purification to
remove the excess [y->?P] ATP, allows a comparison of the enzyme activity in between different
samples. Our kinase assays revealed that an RNA strands modified at their 5' terminal with two
2'-5' linkages (AS-49) is efficiently recognized as substrate by the kinase, as it underwent 5'

phosphorylation very efficiently. The efficiency of phosphorylation decreased slightly for AS-64,
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Figure 3.8 Kinase efficiency in radiolabelling 2'-5' linked RNAs. 2'-5' linked RNAs (Luc-AS-49 and
Luc-AS-64) are substrates of kinase. However, they undergo 5'-phosphorylation less efficiently in
comparison with unmodified RNA. Legend: 3'-5' linked RNA, 2'-5' linked RNA.

with six 2'-5' linkages (Figure 3.8), and significantly more so for a fully 2'-5' linked RNA strand
(data not shown).

These findings ruled out 5’-phosphorylation as the cause for the poor activity observed for AS-
modified siRNAs, and led us to look at subsequent steps, specifically at loading of siRNA into

hAGO2, a key component of RISC.

3.9.2 Interactions of 2'-5'-linked siRNAs with hAGO2

We hypothesized that extensive AS strand modification in these siRNAs is detrimental to their
optimal loading (or positioning) into RISC, therefore diminishing or abolishing gene silencing
activity. It, also, occurred to us that extensive 2'-5' modification can be exploited to direct RISC
to load and position the other strand for mRNA targeting. For example, introducing 2'-5'
modification in the sense strand may favour selection of the other (AS) strand for gene silencing.
To test these hypotheses, 2'-5' modified ssSRNA and siRNAs targeting firefly luciferase were 5'-

radiolabelled by kinase enzyme, incubated with hAGO?2 protein, and the resulting complex(es)

100



were analyzed by EMSA (electrophoretic mobility shift assays). The 2'-5-RNA:RNA duplexes
tested are shown in Figure 3.9. One duplex (RNA:2'-5'p) contains a single 2P-label placed on
the fully modified 2'-5-RNA strand, whereas the other contains the label in both strands
(PRNA:2'-5' p). A labeled single stranded 2'-5' —RNA (2'-5'p) was used as control. Loading
occurs by anchoring the 5'-phosphate into the MID domain of hAGO2.

The results of this experiment are shown in Figure 3.9. When both siRNA strands were
phosphorylated (pRNA:2'-5'p), a new, slow moving band appeared consistent with formation of
a ribonucleoprotein complex (Figure 3.9). In contrast, neither the single strand (2'-5'p), nor the
singly labeled duplex (RNA:2'-5'p) loaded into hAGO2 (no appearance of slower moving bands;
Figure 3.9), suggesting that hAGO2 cannot bind the 5'-phosphate of a 2'-5-RNA strand. The
fact that only pRNA:2'-5'p loaded suggest that binding occurs via the terminal phosphate of the

3'-5' -RNA strand. That is, full modification of one strand favours anchoring the siRNA via the

=]
&~ 0
; ;\I.
P
- é in RNA:2-5'p
é o 5'- GCUUGAAGUCUUUAAUUAAUU -3'
3-GGCGAACUUCAGAAAUUAAUU-5'P

‘ =2 RNA+hAGO2

pRNA:2-5'p
P5- GCUUGAAGUCUUUAAUUAAUU -3'
3- GGCGAACUUCAGAAAUUAAUU-5P

2'5'p
3 GGCGAACUUCAGAAAUUAAUU-5'P

Figure 3.9 EMSA profile of modified siRNA duplexes (RNA:2-5'p and pRNA:2'-5'p) and single
strands (2'-5'p) targeting firefly luciferase and recombinant human AGO2. Among them, only
PRNA:2'-5'p was loaded into RISC. Experimental details are provided in the experimental section.
Legend: 3-5' linked RNA, 2'-5' linked RNA.
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Figure 3.10 Titration profiles of 2'-5' modified ssSRNAs (Luc-AS-49 and Luc-AS-64) as well as the
unmodified sSRNA with increasing concentrations of recombinant human AGO2. The experiment was
carried out using the dot-blot instrument. Legend: 3'-5' linked RNA, 2'-5' linked RNA.

other strand. The implications of this is that positioning of the right (AS) strand can be enhanced
by introducing a significant number of 2'-5' linkages in the sense strand.

Next, we decided to measure the binding affinity of a selected number of partially 2'-5' modified
sSRNAs (Luc -49 and -64) as well as the unmodified control RNA (Luc-AS). After
radiolabelling, these samples were titrated by increasing concentrations of hAGO?2 in order to
quantitate their relative binding affinity to hAGO2 (Figure 3.10). Our preliminary results show
that binding affinity of 2'-5' modified RNAs drastically decrease upon modification of six
nucleotides at the 5' terminal (Luc-AS-64). Interestingly, Luc-AS-49 with the last two 5'-terminal
nucleotides showed higher binding affinity to hAGO2 in comparison with the unmodified RNA
(Luc-AS). Thus, the preferential bias to load one strand over the other appears to be dependent
on the extent of modification. We are currently performing more detailed investigations into the

binding affinity of 2'-5' modified RNAs with hAGO2.
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3.10 Molecular modelling and MD studies of 2’-5" — linked siRNAs — hAGO2 complexes
Our next step was to investigate the effect of 2'-5' modification on the interactions of the
antisense-modified siRNA and hAGO2. We had previously shown with our 64-member library
that increasing the number of linkage modifications has generally an inverse effect on the sSiRNA
potency. Also, our preliminary hAGO?2 loading experiments suggested that this effect is possibly
due to interruptions in the loading of the modified AS strand in the active site of hAGO2.
Various siRNA modifications have been reported to affect RNAI activity, particularly when
placed at the seed region (nucleotides 2-8 from 5' terminal of AS).%-40 While 2'-FRNA and 2'-
OMe modifications are generally tolerated at all positions in the AS strand, other modifications
are shown to be tolerated only at specific positions in the AS strand. For instance, siRNAs
containing 2'-O-benzyl (2'-OB) modification in the AS strand at positions g5, g8, g15, and g19
show enhanced RNAI activity in comparison to the unmodified siRNA control. The same
modification, however, is detrimental to the RNAI activity when placed at position g2 of the AS
strand.

The following sections show our investigation into the hAGO2 binding and positional effect of
2'-5' modification in the siRNA seed region using molecular dynamic (MD) simulations. These
studies were performed in collaboration with Dr. Hari Krishna at the research group of Dr. P.I.

Pradeepkumar at the Indian Institute of Technology.
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3.10.1 MD simulations of 2'-5'-linked siRNAs (49) and (54) and hAGO2
MD studies were carried out on unmodified, as well as two previously tested modified siRNAs

(#49 and #54), targeting firefly luciferase. MD simulations were performed using GPU

SiRNA #49

(S) 5-GCUUGAAGUCUUUAAUUAAUU -3'
(AS) 3-GGCGAACUUCAGAAAUUAAUU -5'

mem
100 150 200 25

Time (ns)
= Protein backbone = siRNA backbone

RMSD ()

0

SiRNA #54

(S) 5-GCUUGAAGUCUUUAAUUAAUU -3
(AS) 3-GGCGAACUUCAGAAAUUAAUU -5'

150 200

Time (ns)

=—=Protein backbone = siRNA backbone

Figure 3.11 Docked structures and root-mean-square deviation (RMSD) graphs from the MD
simulations of the 2'-5' linked siRNAs#49 (top) and #54 (bottom) and hAGO2. hAGO?2 in the docked
structures in presented in cartoon, each domain of the protein is labelled in a different colour; sSiRNA
backbone is presented in ball and stick with AS strand in magenta and passenger strand in blue. RMSD
graphs were calculated over 250 ns using equilibrated structures as the reference with hAGO2
displayed in black and siRNA displayed in red. Legend: 3'-5' linked RNA, 2'-5' linked RNA.
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accelerated version of AMBER 14.*! One of the highest quality reported crystal structures of
hAGO2 contains a miRNA: target mRNA duplex engaged via eight nucleotide base pairs (PDB
entry: 4W50).15 42

However, in our study, an open conformation of hAGO2 was required to investigate the binding
interactions of hAGO2 and an siRNA with nucleotides 2-19 base paired. Once the open hAGO2
was developed (details in experimental section), it was used to dock with the unmodified sIRNA,
as well as siRNAs 49 and 54. The final MD snapshot of the sSiRNAs and hAGO?2 after 250 ns of
MD simulation is shown in Figure 3.11.

The RMSD graph of the siRNA 49/hAGO2 complex (Figure 3.11, top) shows that the complex
was quite stable during the simulations. However, siRNA 54/hAGO2 complex, as shown in the
corresponding RMSD graph (Figure 3.11, bottom), was found to be highly flexible, especially
around the 2'-5' modified region. This was attributed to the high flexibility of the SIRNA #54 due

to the structural changes of the RNA duplex upon 2'-5' modification.

Unmodified siRNA <iRNA 49

Figure 3.12 Non-covalent interactions between hAGO2 and 5' terminal of unmodified siRNA (left) and
siRNA 49 (right). Key interacting amino acid residues of hAGO2 are labelled in both siRNAs. Most of
non-covalent interactions between hAGO2 and siRNA 49 are retained.
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Next, we compared the non-covalent interactions of hAGO2/unmodified siRNA complex with
the interactions of the hAGO2 with the modified siRNAs 49 and 54. Averaged structures from
the last 50 ns of the 250 ns MD simulations between hAGO2/ unmodified siRNA and
hAGO2/siRNA 49 complexes were compared. siRNA 49, in comparison with the unmodified
SiRNA, only lost a very few non-covalent interactions at the 5'-binding pocket of hAGO2
(Figure 3.12).

Remarkably, the 2'-5' linkage between gl and g2 did not affect the phosphate backbone bent

Unmodified siRNA

Figure 3.13  Non-covalent
interactions between hAGO2
and 5' terminal of unmodified
siRNA (top) and siRNA 54
(left). Key interacting amino
acid residues of hAGO2 are
labelled. Multiple non-covalent
interactions between hAGO2
and siRNA 54 are lost.
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previously characterized for native RNA (clover leaf structure), however T526, Y529, Q548
interactions with the hAGO2 were lost. These results are in agreement with the retained gene
silencing activity of siRNA 49 (Figure 3.7).

Similar comparison, however, between hAGO2/unmodified siRNA and hAGO2/siRNA 54
complexes showed that, in this case, many non-covalent interactions between the protein and the
modified siRNA are lost during the molecular dynamics, i.e., interactions between Q545, K570,
K566, N551, K550, R792, R795, H753, Q757 and Y790 amino acid residues in hAGO2 and the
RNA AS strand (Figure 3.13). This likely accounts for the inactivity observed for siRNA 54
(Figure 3.7).

As mentioned above, the 5' nucleotide in sSiRNAs has a crucial bend in the backbone referred to
as the clover leaf junction (Figure 3.14). Deviation from this structure due to modification of the
gl and g2 nucleotides can be linked to loss of non-covalent interactions between hAGO2 and
RNA.'> 4 As shown in Figure 3.14, this structure comprises of eight sugar-phosphate backbone
dihedral angles. To probe how the 2'-5' linkage is accommodated in the clover leaf into the MID
domain of hAGO2, the backbone dihedral angle values at the junction of two nucleotides were

calculated from the structure which is averaged from the last 50 ns of 250 ns MD simulations.

3'-5'linked 2'-5' linked

Figure 3.14 Clover leaf junction in an unmodified 3'-5' linked (left) versus a 2'-5' linked (right) siRNA.
Atoms comprising the dihedral angels are labelled. Clover leaf junction is illustrated by a dark line.
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Table 3.5 Dihedral angle adopted by the unmodified and
(clover leaf model).?

Dihedral angle

Modified

modified siRNAs at the junction of gl and g2

Dihedral angle values

Dihedral angle values

Unmodified values (49) (54)
05-C5-C4-C3 -173.5 05'-C5'-C4'-C3' -179.8 -172.3
C5-C4-C3-03 -143.8 C4'-C3-C2-02" -150.7 -155.5
C4-C3-03-P -146.7 C3-C2-02'-P -45.6 -43.9
C3-03-P-O5' 53.6 C2'-02'-P-05' -38.3 -41.2
03-P-C5-05" 65.8 02'-P-C5'-05' 120.5 127.6
P.O5-C5-CA 154.7 P-05'-C5'-C4' -160.6 -156.4
C5-C4-C3-03 41.6 C5'-C4'-C3'-03' -33.9 -41.7

aAll the values are mentioned in degree and computed using X3DNA package.

The deviation of these angles for sSiRNAs 49 and 54 from the unmodified siRNA torsion angles
is presented in Table 3.5. In both modified siRNAs, the dihedral angles varied largely only at the
linked sites; however, the structure and nature of the whole bent was not affected. This suggests

that 2'-5' modified siRNAs were flexible enough to adjust themselves to the clover leaf structure.

3.10.2 The effect of 2'-5" linkage on the nucleotide conformation

Sugar conformation of nucleotides is a key factor affecting backbone angles, and final duplex
conformation. Variations in the sugar conformation may lead to the disturbance in the geometry
of the RNA duplex from the favoured A-form.

We studied the effect of 2'-5' linkage on the siRNA conformation by investigating the sugar
conformation of the seed region nucleotides. The percentage of sugar conformation in these

nucleotides was calculated from the 250 ns MD trajectory using Altona and Sundaralingam sugar
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conformation pseudorotation wheel of nucleotides.** *> Generally, in an unmodified siRNA, the
ribose sugar in the g1 nucleotide adopts a C2'-endo (South) conformation, and the rest of the
nucleotides, from the g2 position onwards, adopt a C3'-endo (North) conformation.

In both siRNAs 49 and 54, the sugar conformation of the 2'-5' linked nucleotides were found to
be flexible between the C3'-endo and C2'-endo (Figure 3.15). Our results were in agreement

with previous X-ray crystallographic studies and molecular dynamics (MD) simulations by the
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Percentage of C3'-endo

0

UUAAUUAAAGACUUTCA
5'-3' AS RNA

Unmodified siRNA vs. siRNA 49

100+
80
60:
40J

conformation

204

Percentage of C3'-endo

0
UUAAUUAAAGACUUCAA
5'-3' AS RNA

Unmodified siRNA vs. siRNA 54

Figure 3.15 Sugar conformation of AS strand nucleotides in unmodified (black bars) versus 2'-5'
modified (red bars) siRNAs 49 (top graph) and 54 (bottom graph).

109



Szostak group, showing that in RNA duplexes modified with some 2'-5' linkages, the modified
nucleotides can adopt either the C3'-endo or C2'-endo conformation, with a preference for the
latter. ™

Furthermore, they reported that the structural perturbations caused by 2'-5' linkages mainly
affected the two nearest base pairs and had minimal effects on the rest of the duplex.®* Our
observations with the 2'-5' modified siRNAs 49 and 54 in complex with hAGO?2 protein (Figure
3.15) was in agreement with their findings; also suggesting that the siRNA binding to hAGO2
does not affect largely the sugar conformations of the bound nucleotides. In our modeling
experiments, unmodified nucleotides, flanked by 2'-5' linked nucleotides, showed varied
percentages of C3'-endo conformations (40-100%) (Figure 3.15). These results are consistent
with previously reported X-ray crystallographic data by Szostak and co-workers on 2'-5'
modified RNA duplexes, accounting the buffering role of 3'-5' linked nucleotides to reduce the

perturbations of the duplex structure, hence pertaining the A-form duplex.

3.10.3 The effect of 2'-5" linkage on RNA duplex properties

We next focused our attention on studying the structural impact of 2'-5' linkage on RNA duplex
properties. Previous studies by our laboratory and other groups had shown that an RNA:2'-5'
duplex adopts a compact A-form duplex.!® 8 46 Crystallographic data as well as molecular
dynamic studies from Szostak group provided insight into the diminished thermal and chemical
stability of the 2'-5' modified RNA duplexes associated with the perturbed overall base stacking
and base pairing due to the presence of 2'-5' linkages.*3

We investigated the effect of 2'-5' linkage on duplex properties of an siRNA loaded in the
hAGO2. To define the orientation and position of each base pair with another in an RNA double

helix, structural parameters such as rise, buckle and slide are required. These parameters show
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the stacking geometry between neighboring base pairs. A simplified illustration of some of these
parameters is given in Figure 3.16. Full description of all duplex structural parameters can be
found elsewhere.*” *® These parameters were calculated using X3DNA package.*® Theses studies
showed that extensive 2'-5' linkage modification, as in siRNA 54, resulted in significantly
deviated buckle, slide and rise parameters in comparison with the unmodified siRNA (Figure
3.16). Our calculations are in agreement with previous reports*® by Szostack group, suggesting
that the increase in the buckle amplitude upon 2'-5' modification, results in lower base overlap

and stacking and hence destabilize the duplex.
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Figure 3.16 (a) Pictorial representation of base pair parameters of nucleic acid duplexes. Each rectangle
represents a base and the shaded region represents the minor groove edge of the base pair. Pictures were
adapted from 47 (b) Base pair step parameters of the unmodified and modified siRNA duplexes from the

averaged structure obtained from the last 50 ns of the 250 ns MD simulations.
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Figure 3.17 (Top) Superimposed snapshot of unmodified (blue) and modified siRNA 54 (cyan) AS
strands (sense strand is not shown for clarity), illustrating the deviations in the backbone conformation an
suboptimal intrastrand base stacking. RNA is represented as sticks and the phosphate atoms is shows as
yellow spheres. (Bottom) MD snapshot depicting the base pair and base stacking architecture of g4-g5
step in unmodified and modified siRNA 54. Base pairing of the (A) unmodified and (B) modified sSiRNA
duplex. Base stacking of the successive base pair steps in the (C) unmodified and (D) modified siRNA
duplex. The black dashed lines indicate the WC H-bond between the bases. The modified linkage is
highlighted using an arrow.

Moreover, we demonstrated that deviations from the optimal rise distances in the modified
duplexes resulted in further destabilization by disturbing the WC base pairs. The percentage of
H-bond occupancy was calculated from the 250 ns MD trajectory, using distance and angle cut-

off as 3.2 and 150, and CPPTRAJ module to calculate. Hydrogen bond occupancy in linkage
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Table 3.6 Percentage occupancy of W-C H-bond in the unmodified and modified siRNAs.?

Modified SiRNA (64)

Base pairs Unmaodified Modified siRNA (49)
U-A 99.8% 46.8% 43.5%
A-U 99.9% 97.8% 86.9%
A-U 99.6% 98.7% 39.7%
U-A 99.8% 99.8% 76.3%
U-A 98.9% 99.6% 35.4%
A-U 99.3% 99.3% 78.3%

a@Calculations were carried out using CPPTRAJ module in AMBER 14 package.

modified sites was greatly affected, indicating that the duplex is deviating from optimal structure
and is unstable. Seed region base pairing is critical for target mMRNA recognition and a functional
RNAI. These results, in line with previous studies, explain the observed experimental RNAI

activity of siRNAs 49 and 54.

3.10.4 MM-PBSA estimated binding energy of 2'-5'-linked siRNAs (49) and (54) and
hAGO2

The free energies of molecular systems describe the tendency of two or more systems to
associate with each other via various noncovalent interactions. A fast and simple computational
method to evaluate the binding affinity of a receptor-ligand system based on estimating the
relative free energy differences (AG) between two equilibrium states is "Molecular Mechanics
Poisson-Boltzmann surface area (MM-PBSA) method. It is important to note that MM-PBSA is
an approximation method, not an absolute or accurate free energy prediction method. Therefore,

values obtained from this method can only be relatively compared.
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Table 3.7 Binding free energy components for sSiRNA-hAGO2 complexes calculated from the last 500 ns
of the 1 ps MD simulations. ?

Calculated value Unmodified SiRNA49 SiRNAG4
AEetec 2444 + 25 2356+ 21 —2210+23
ABEvow 31349 285+ 11 —208+9
AEwmm ~2757+ 23 2641+ 26 2418+ 29
AGes 2463+ 25 2389+ 25 2492+ 22
AGne ~13+ 0.5 ~13+05 -13+0.6
AGsoLv 2450 £ 21 2376 + 21 2589 + 21
AHps ~307+8 265+ 9 ~171%9

TAS -58+3 -54+3 —46+3
(AAAGG) 2497 _(Zglglfgl)l _(Ei : 91>)2

2All the values are mentioned in kcal/mol. AEgiec, electrostatic energy; AEvpw, van der Waals energy; AEinT
internal energy is negligible in all the cases; AEmm =AEeLec + AEvow + AENT ; AGpsg, polar solvation free energy;
AGnp, non-polar solvation free energy; AGsov = AGps + AGnp ; AHpe = AEmm + AGsorv ; TAS, total entropy
contribution; AG = AHpg — TAS, total binding free energy; AAG = AGmodgified — AGunmodifies, difference in the binding
free energy. Averaged over 1000 snapshots. All these values are determined using MM-PBSA approach,*® entropy
contributions using normal mode analysis.

Table 3.7 presents the MM-PBSA calculated values for estimated binding energy of unmodified
as well as modified (49 and 54) siRNAs. These values were calculated using the last 50 ns of the
250 ns MD simulations trajectories. The AAG values indicate that the non-covalent interactions
responsible for the complex formation are significantly affected due to extensive presence of 2'-
5' linkages in siRNA 54 (Table 3.7). The difference in phosphate orientation, presence of C2'-
endo sugar conformation in RNA, loss of W-C H-bonds, and relative deviation in A-form

geometry are collectively responsible for the deleterious effect on RNAI activity by siRNA 54.
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3.11 Conclusion

In conclusion, our results show that introduction of 2'-5' linkages can afford (depending on the
position and extent of modification) a potent class of modified siRNAs with diminished
immunostimulatory response. Screening of a large number of siRNAs with modifications in the
sense or antisense strands show that 2'-5' linkages are tolerated all over the sense strand and, to
some extent, in the antisense strand. 2'-5' modified siRNAs are also found to abrogate the
immunostimulatory response in comparison with their native siRNAs. Extensive 2'-5'
modification of the antisense strand was only found to minimally affect the SiRNA
phosphorylation by kinases but was detrimental to its hAGO2 loading. MD simulations studies
on modified SIRNA-hAGO2 complexes gave significant structural insights and helped explained

our observed experimental results.
3.12 Experimental methods

3.12.1 Oligonucleotide synthesis and siRNA preparation

Standard phosphoramidite solid-phase synthesis conditions were used for the synthesis of all
modified and unmodified oligonucleotides.*® Syntheses were performed on an Applied
Biosystems 3400 DNA Synthesizer at a 1 pmole scale using Unylinker CPG support
(ChemGenes). All phosphoramidites, including the 2'-5' phosphoramidites, were prepared as
0.15 M solutions in acetonitrile(ACN), except DNA, which was prepared as 0.1 M. 5-
ethylthiotetrazole (0.25 M in ACN) was used to activate phosphoramidites for coupling.
Detritylations were performed using 3% trichloroacetic acid in CH.Cl, for 110 sec. Failure
sequences were capped using acetic anhydride in THF and 16% N-methylimidazole in THF. A
0.1 M solution of I in 1:2:10 pyridine:water: THF was used for oxidation. Coupling times were

600 sec for all RNA and 2'-5' phosphoramidites, except for their guanosine phosphoramidites
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which had 900 sec of coupling time. Chemical 5'-phosphorylation of selected modified AS
strands was done at the synthesizer instrument using bis-cyanoethyl-N,N-diisopropyl-2-
cyanoethyl phosphoramidite at 0.15 M (600 sec coupling time). Deprotection and cleavage from
the solid support for was accomplished with 3:1NH4OH:EtOH for 48 hours at room temperature
(for 2'-5' modified samples), and with 40% methylamine for 10 minutes at 65°C (for unmodified
RNA samples).>® Oligonucleotides containing either 3'-5' or 2'-5' RNAs were both synthesized
with standard 2'-TBDMS and 3-TBDMS phosphoramidites respectively. Desilylation of all
samples was achieved with triethylamine trihydrofluoride/N-methyl pyrrolidone/triethylamine
(1.5:0.75:1 by volume) for 2.5 hours at 65°C.%% %

Purification of crude oligonucleotides was done by HPLC using an anion exchange column
(Protein PAK DEAE 5PW 21.5 mm x 15 cm). The buffer system consisted of water (solution A)
and 1 M lithium perchlorate solution in water (solution B), at a flow rate of 4 mL/min. The
gradient was 0—40% B over 40 min at 60 °C. Under these conditions, the desired peaks eluted at
20—30 minutes. The collected samples were then lyophilized to dryness and were desalted with
Nap-25 Sephadex columns from GE Healthcare. Sequences were verified by high resolution
ESI-LCMS. Note that since 2'-5' linked RNA.s a regioisomer of RNA, all 2'-5' modified samples

had exactly the same mass as their unmodified control (Table 3.8).
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Table 3.8 MS characterization of S and AS strands comprising the siRNAs targeting firefly
luciferase, P53, and 728UU

Sample Name Sequence Exact Mass
Luciferase S 5'- GCUUGAAGUCUUUAAUUAAUU -3 6617.8352
Luciferase AS 3- GGCGAACUUCAGAAAUUAAUU-5' 6701.9292
Luciferase AS-P 3- GGCGAACUUCAGAAAUUAAUU-5' (POy) 6780.8877
PE3 S 3-CCAAUGUGUACAUGAACAUCA-5' 6660.9392

P53 AS 5-UUACACAUGUACUUGUAGUGG-3' 6671.8672
728UU S 5'- AAAUCGCUGAUUUGUGUAGUU-3' 6672.8512
728UU AS 3-UUUUUAGCGACUAAACACAUC-5' 6598.8892

siRNAs were prepared by annealing equimolar quantities of complementary oligonucleotides in
SiIRNA buffer (100 mM KOAc, 30 mM HEPES-KOH, 2 mM Mg(OAc)., pH 7.4) by slowly

cooling from 96 °C to room temperature, and then keeping them at 4 °C overnight.

3.12.2 Thermal denaturation studies

Complementary sequences from siRNA libraries (1.5 nmol) were combined, dried, and rediluted
in 1 mL of T buffer containing 140 mM KCI, 1 mM MgCl,; and 5 mM Na;HPO4 (pH 7.2).
Samples were then transferred into UV cuvettes in a Varian Cary 300 UV spectrophotometer and
heated up to 90 °C. They were cooled down to 5 °C (ramped at 1°C/min), followed by heating up
from 5 °C to 95°C. The change in their absorbance at 260 nm was monitored upon cooling and
heating steps. Melting temperatures were determined using the heating ramp and via baseline
method, as implemented in the Cary software. Tm curves of siRNAs targeting firefly luciferase

are shown in Figure 3.18, as example.
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Figure 3.18 Melting profiles of siRNAs targeting firefly luciferase with 2'-5' modification placed in the
sense or antisense strands were followed by observing the change in absorbance at 260 nhm (A260) of
duplex samples upon heating from 5°C to 90°C. Duplexes were 1.5uM (3uM total concentration of
strands) in phosphate buffer (140mM KCI, 5mM Na2HPO4, 1mM MgCI2, pH 7.2). siRNA sequences are
shown in Table 3.1.

3.12.3 Luciferase siRNA assay

Luciferase knockdown assays were performed as described in Deleavey et al.>? with a few
modifications. Typically, HeLa cells were counted and seeded at a density of 10,000 cells/well in
a 96-well plate. Cells were allowed to recover for 24 hours at 37°C with 5% CO.. Subsequently,
cells were washed once with serum-free DMEM media and then 80 pl of serum-free DMEM
media was added. siRNA and control nucleic acid preparations were diluted up to 20 pl with
serum-free media and transfection reagent (Oligofectamine, Invitrogen) and added to the
appropriate well (for a total of 100 uL) at increasing concentrations (0.16, 0.8, 4, 20, and 100
nM). Cells were incubated overnight (for a total of 24 hours post-DNA addition). Then 50 pL of
ONE-Glo luciferase reagent (Promega, USA) was added to each well and luminescence was

measured and normalized to protein levels using a Biotek Synergy HT plate reader. Data was
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acquired with the Gen5 software suite and data was manipulated and plotted using Graphpad

Prism software suite.

3.12.4 P53 siRNA reporter assay

Cloning of P53 reporter was performed following the instructions reported in literature.?® Briefly,
a G-block was ordered from IDT Technologies containing the p53 target side flanked by
restrictions sides for Xhol and Notl at the 5' and 3' of the sequence, respectively, to clone the
sequence into the 3' UTR of the Renilla gene of the plasmid PsiCheck2 (Promega). Following
the cloning, the plasmid was sequence verified

Sequence:
"atccgtttcaagccgCTCGAGagcgtggtggtaccttatgagccacccgaggecggcetetgagtataccaccatccactacaagtac

atgtgtaatagctcctgcatggggggcatgaaccgccgacctatccttaccatc GCGGCCGCgttcataggcttatg”

The plasmid and siRNAs were then, transfected into 293T cells using CaPOs, following the
procure explained here. 293T cells were seeded with 5000 cells/well in a 96 well plate. After 12
hours, they were transfected with the siRNAs using Oligofectamine (Invitrogen). 24 hours after
SiRNA transfection, cells were transfected with 20 ng/well of the DNA plasmid, using calcium
phosphate. 48 hours after the plasmid transfection, cells were harvested in 100uL PLB (Passive

Lysis Buffer, Promega) and 5ul was used to read FF/Ren using a Fluorostar Optima.

3.12.5 Immunostimulation assays in human peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors at City of Hope
National Medical Center using discarded anonymous blood unit leukocyte filters (Pall). PBMCs
were plated in 24-well plate (2.5x10° cells/well) and transfected using DOTAP transfection

reagent (Sigma-Aldrich) according to the manufacture’s protocol at a final RNA concentration of
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80 nM. Cells were incubated at 37 °C for 24 hours. Supernatants from each well were collected,
and IFN-a and IL-6 levels were quantified by enzyme-linked immunosorbent assay (ELISA)
using 96-well ELISA plates coated with a human IFN-a or IL-6 antibody (Thermo Fisher
Scientific), respectively.

During this experiment, discarded peripheral blood from anonymous adult donors from the City
of Hope Apheresis Center (Duarte, CA) was used. The proposed research involved blood
specimens from anonymous human subjects with no identifiers to age, race, ethnicity, or gender.
The information provided for the above submission was evaluated and determined not to involve
human subjects research (45 CFR 46.102 (d)(f)). Therefore, it does not need to be approved nor
does it need to undergo continuing review by the Institutional Review Board (IRB) in the City of

Hope.

3.12.6 RNA Radiolabelling

RNA radiolabelling was performed by Dr. Keith Gagnon, from Southern Illinois University,
following a published protocol.>® All the work was performed behind a shield, and following the
safety regulations when handling radioactivity. The assay was performed using the following
material:

1. RNase-free distilled and deionized water (dd H20).

2. siRNA strands dissolved in dd H20 at 100 uM:

3. [y]- 32P-ATP (7000 Ci/mmol) (Purchased from MP Biomedicals).

4. SUPERase-In RNase inhibitor (Purchased from Ambion).

5. T4 polynucleotide kinase (PNK) and 10x PNK buffer: 0.7 M, Tris—HCI, pH 7.6, 100 mM
MgClz, 50 mM dithiothreitol.

6. Redistilled phenol, water-saturated.
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7. Chloroform:isoamyl alcohol (24:1).

8. Acetone.

9. Yeast transfer RNA (tRNA) at 10 mg/mL in dd H2O.

10. Lithium perchlorate (LiClOa4).

11. Urea, molecular biology grade.

12. 10 % ammonium persulfate (APS), prepared fresh.

13. N,N,N,N’ -Tetramethyl-ethylenediamine (TEMED).

14. 10x TBE: 0.89 M Tris base, 0.89 M boric acid, 20 mM EDTA.

15. 4x Native loading buffer: 4x TBE, 40 % glycerol (v/v), 0.2 mg/mL xylene cyanol, 0.2
mg/mL bromophenol blue.

Radiolabelling was performed by mixing the reaction components below in a 1.5 mL
microcentrifuge tube:

(a) 1 uL of siLuc_as (guide strand) (100 uM stock).

(b) 2 uLL 10x PNK buffer.

(¢) 2.5 pL [y]- 32 P-ATP (~0.3 mCi).

(d) 2 uL PNK (10 U/pL).

(e) 1 uL SUPERase-In (40 U/uL).

(f) dd H20 to 20 pL.

The above mixture was incubated at 37 °C for 2.5 h, and then labelled RNA was extracted using
Phenol/chloroform mixture (Keep on ice or store at -20 °C until ready to proceed.). After the

extraction, radiolabeled RNA strands were purified using standard denaturing gel procedures.
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3.12.7 hAGO2 loading assay

This assay was designed to evaluate the in vitro binding affinity of hAGO2 for siRNA single
strand AS. RNA strands were radioactively labeled and used at very low concentrations (25 nM
or less) while titrated by hAGO?2 protein. Radioactive RNA will only bind the membrane if it is
associated with protein. Radioactive intensity of spots on the membrane should increase as
[NAGO?2] increases. hAGO2 protein was purchased from Active Motif. 100 pL of 10% glycerol
was added to 20 ug of lyophilized hAGO2. 5x Ago Binding Buffer (ABB) was prepared using
100 mM Tris, 500 mM KCI, 250 mM NaCl, and 25 mM MgCl; and pH was adjusted to 7.5.
Final solution contained 0.2 pg/puL (~ 2 uM) hAGO2, in 16 mM Tris, pH 7.4, 400 mM NacCl, 4%
trehalose, 4% mannitol, 0.008% Tween-80. It is noteworthy that hAGO2 samples purchased
from the Sino Biologicals did not give satisfactory results when used. hAGO2 was serially
diluted following the bellow procedure:

1. Serially dilute 2-fold using 1x ABB. Start with 200 nM (1/10 stock). Make 12.5 uL (final) of
each: (600, 300, 150, 75, 37.5, 18.75, 9.37, 4.6, 2.3 and 0 nM)

2. Keep hAGO2 samples on ice until ready for use.

3. Prepare 10 pL reactions (multiply by the number of samples needed):

5.75 uL ddH.0

2 uL 5x ABB

0.5uL BSA (acetylated) (10 mg/mL)

0.5 uL tRNA (10 mg/mL)

0.25 uL SUPERase-In (20 U/uL)

luL 5' radiolabled single strand or duplex (50 nM final) (2,000 cpm/uL)
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10 L total volume

. Add 10 pL of each serially diluted hAGO2 to appropriate tubes. Final volume will be 20 uL,
final [siIRNA] will be 25 nM, and final [hnAGO2] will be 1/2 of serially diluted concentration
for all reactions. Incubate at 37°C for 10 min.

. Spin down reaction and spot into dot blot (reinforced nitrocellulose membrane). Turn
vacuum on low to pull sample through during spotting.

. As each row of wells is loaded, wash each 2x with 200 uL of 1x ABB. After spotting and
washing all samples, turn vacuum on high for 30 sec. Turn off vacuum, remove membrane
and wash membrane 1x ABB. Remove from wash tank, pat dry with kimwipe, then allow to
air dry completely for 15 min.

. Cover membrane in Saran Wrap and expose to phosphorimager overnight. Scan with
Typhoon imager. Quantify spots by using ImageQuant software and fit data to a one-site

binding curve in Prism3.

3.12.8 Molecular dynamic studies and calculations

The hAGO2 protein and siRNA (17 base pairs) complex utilized for MD studies was obtained

from the model developed by the research group of Dr. Pradeepkumar (unpublished results). The

topology and coordinate inputs of protein and RNA complex were prepared using the xleap

module in AMBER 14.> The protonation state of the amino acids were assigned using PDBPQR

program at pH 7.0 in AMBER force field. The system was neutralized using KCI ions and excess

ions (100mM) were added to mimic the physiological conditions. Mg?* ions at the cleavage site

were parameterized using a reported procedure.>

The partial charges for the 2'-5'linked modifications was calculated at the nucleotide level using

Gaussian 09 (HF/6-31G*) package.®” The calculated charges were then fitted using the RESP
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algorithm.%® The force field parameters for 2'-5' -linkage were derived from the previously
reported crystal structure and MD studies.'® The force fields used for the RNA and the protein
are bscOyo13>*® and ff12SB,> respectively. Using TIP3P water molecules, the system was
solvated up to 8 A from any of the solute atoms. The equilibration and MD simulations were
performed as reported earlier.®® 8 An unrestrained production MD simulations were performed
for 250 ns using CUDA version of pmemd®® in a GPU accelerated version*' %€ of AMBER 14.
Particle mesh ewald method was utilized for calculating the contributions from the non-bonded
interactions with a cut-off of 10 A. SHAKE was used to treat the bonds involving hydrogen
atoms. The unrestrained MD simulations were performed in NPT ensemble of 2 fs time step.
One atmospheric constant pressure was maintained using Bendersen weak-coupling barostat in a
time constant of 1 ps.®” The MD simulations temperature (300 K) was maintained by Bendersen
thermostat of 4 ps. MD trajectories were saved for every ps and then extracted at every 5ps time
interval for further analysis.

Root mean square deviations(RMSDs) were calculated for the backbone heavy atoms of protein
(CA, C, and N) and RNA (P, O5', C5', C4', C3', and 03") using CPPTRAJ module in AMBER
14.8The X3DNA package was utilized to compute the RNA helical parameters and backbone
dihedral angles.*®Hydrogen bonds were considered based upon the heavy atom distance (donor-
acceptor) cut-off of < 3.3 A and an angle cut-off of > 135°. The distance between the two heavy
atoms were calculated using PTRAJ module. MD trajectories were visualized using UCSF
Chimera.®® The free energy of siRNA-hAGO2 complex binding was computed using Molecular

Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method using an earlier report.”®
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CHAPTER 4:SYNTHESIS AND PROPERTIES OF SHORT INTERFERING RNA

MIXMERS

4.1 Introduction

siRNAs, as previously described in Chapter 1, are synthetic oligonucleotide duplexes that can
mimic the miRNAs in mammalian cells to knock down the expression of a target gene. An
obstacle in the development of siRNAs as therapeutic agents, among others, has been the
inherent poor drug-like properties of siRNAs. A general approach taken towards solving this
shortcoming is introducing chemical modifications to siRNAs, a focus of the research in the
presented thesis.

In Chapter 3, we studied the gene silencing and immunostimulatory properties of 2'-5-modified
SiRNA in comparison with native siRNAs and found that the 2'-5' linkage modification can
afford potent siRNAs that avoid an immune response. The extent of gene silencing largely
depended on the number and location of the 2'-5' linkages along the sense and AS strands.
2'-5' Linkages were tolerated all over the sense strand and, to some extent, in the antisense
strand. These findings are consistent with the notion that 2'-5'/3'-5' backbone heterogeneity does
not affect, to some extent, RNA recognition and function.’* While the studies described in
Chapter 3 laid the grounds for elucidating the relation between 2'-5' modification patterns and
siRNA potency, they required the synthesis of a large pool of siRNAs, and screening each
duplex separately. In an attempt to develop a universally applicable 2'-5'/3'-5' siRNA design, we
turned our attention to the synthesis of RNA “mixmers”, i.e., a regioisomeric mixture of SIRNAs,
of the same base sequence, containing all possible combinations of 2’-5/3'-5' linkages along the

backbone. As described below, these siRNA “mixmers” are readily prepared via solid-phase
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synthesis by delivering a mixture of ribonucleosides 2'P+3'P amidites to the insoluble solid-
support during chain growth.

Our motivation to develop and test mixmer siRNAs was inspired, in part, by the natural process
by which some RNAs are produced, where Dicer cleaves long dsRNAs into a mixture of discrete
SiRNA duplexes, although in this case, they are of different base sequence for targeting multiple
RNAs.> % Based on this system, commercially available sSiNRA pools (siPools)’ were developed,
which consist of a mixture of up to 30 discrete sSiRNAs, each targeting a different location of the
MRNA target. The advantage of siPools is that while the pool of siRNAs is able to
synergistically silence one single on-target MRNA gene, off-target effects are “diluted” out given
the low concentration of each duplex. Despite this advantage, regulatory authorities often
hesitate to adopt such an approach in a clinical setting.” Phosphorothioate (PS) linked DNA is a
classical example of an ON pool, containing mixed Rp/Sp internucleotide linkages. The isomeric
Sp linkage provides increased nuclease resistance (but reduced mRNA binding), whereas the Rp
isomer provides appropriate mRNA binding affinity.® Given the difficulty in synthesizing
stereoisomerically pure PS-linkages,® PS-ONs are generally used as diastereomeric Rp/Sp-
mixtures.'% 1! In fact, Spinraza, a newly FDA-approved drug for the treatment of spinal muscular
atrophy (SMA), is a fully 2’-O-methoxyethyl modified antisense oligonucleotide with
phosphorothioate (PS) backbone.!?

Herein, we show that the 2'-5'/3'-5'-mixmer strategy can afford modified siRNA mixtures, with
potencies comparable to unmodified counterparts, when knocking down firefly luciferase and
P53 mRNA in vitro. It is also evident that siRNAs with a 2'-5'/3'-5'-mixmer AS strand lead to

potent gene silencing, whereas full 2'-5'-modification arrests RNAI activity.
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4.2 2'-5'/3'-5" RNA mixmers

4.2.1 Synthesis and product characterization

In our preliminary studies, siRNA targeting luciferase were synthesized from 2'P + 3'P (1:1)
phosphoramidite mixtures using 5-ethylthio-tetrazole (ETT) as activator. The result was a mixed
population of 21mer oligomers, all of the same sequence, but containing a statistical mix of 2'-

5'/3'-5' linkages at each position (Figure 4.1).
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Figure 4.1 Schematic illustration of the mixmer strategy in the preparation of an siRNA duplex with
six linkage modified nucleotides in the AS strand. 2'-5' phosphoramidite and 3'-5' phosphoramidites
are mixed in a 1:1 ratio. The mixture is used in the synthesis of the sSiRNA AS strand. The synthesized
mixture of strands is then treated as an RNA oligomer and is complexed with the corresponding sense
strand to form the siRNA mixmer.
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For example, a mixmer with six linkage modification positions in the sSIRNA AS strand consists
of a mixture of 27 = 128 sequence-specific siRNAs (Figure 4.1). After the synthesis, the mixmer
was deprotected and purified by IE-HPLC (Figure 4.2). The mass and HPLC profile of the

mixmer matched that of the unmodified control RNA strand (Figure 4.2).
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Figure 4.2 HPLC and LCMS chromatograms of a 2'-57/3-5' mixmer RNA strand (shown above)
illustrating that different species within a 2'-5'/3'-5" mixmer cannot be separated or characterized by HPLC
or HRMS. (a) IE-HPLC chromatogram of the crude mixmer product (b) RP-HPLC chromatogram of the
IE-HPLC purified mixmer sample (c) HRMS trace of the purified 2'-5/3-5" RNA mixmer product
showing only a single species corresponding to the unmodified RNA control exact mass.
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4.2.2 Coupling efficiency of 2'- versus 3'-phosphoramidite RNA monomers

As explained previously, none of the separation or characterization methods used for unmodified
RNA (e.g., MS, HPLC, PAGE) were helpful in determining the presence and extent of 2'-5'
linkage modification in a mixmer sample. An indirect method to achieve this would be to
determine the relative coupling efficiency of 2'P versus 3'P phosphoramidites during a mixer
synthesis set up. We picked an RNA sequence with seven mixmer linkages located at the center
of the strand (Figure 4.3).

To differentiate between 2'P versus 3'P coupling efficiency, a 1:1 mixture of rU 2'P and rT 3'P
phosphoramidites (14 m.u. mass difference) were used during the synthesis (Figure 4.3; "U"
represents the rU2'-5'/rT3-5' mixmer position). We assumed that the base [5-methyluracil
(thymine) vs uracil] has minimal, if any, effects on coupling during solid phase synthesis.
Furthermore, we hypothesized that both rU and rT containing ONs have very similar ionization
abilities and would fly very similarly in the MS chamber.

The strand was synthesized in triplicate and purified by IE-HPLC, affording the desired mixmer
as a single peak. HRMS analysis provided the trace shown in Figure 4.3. Under these
conditions, the peak areas in the HRMS trace provide the relative coupling efficiencies of 2'P rU
and 3'P rT amidites. To yield a more accurate comparison, all the Salt adducts, isotope
abundances and different charge states and for each mixmer were taken into account in these

calculations (see experimental section for full details).
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Based on this analysis, the relative efficiency of 3'P' coupling versus 2'P coupling was 4:3, in
favor of rT 3'P. Therefore, 43% of the linkages in the 7-nt segment are 2'-5' linked, while the rest

(57%) are 3'-5' linked. This is consistent with the slightly lower coupling efficiency of 2'P versus
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Figure 4.3 Assessing the binding efficiency of 2'P amidites versus 3'P amidites during a mixmer
synthesis using ETT as activator. The sequence (top) shows the position of the mixmer segment (mixmer)
and the rU/rT mixmer (U). HRMS profile of a test mixmer is shown. The circled peak envelope
represents the (-3) charge state, which is deconvoluted to the peaks shown in the bottom spectrogram.
Each peak envelope is assigned with the species it corresponds to within the mixmer product. Assessment
of the areas under the peaks show the relative coupling efficiency of 0.77:1 for 2'-5":3'-5' RNA amidites
while using ETT as an activator.
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3'P amidites reported earlier by our group when ETT activator was used.*3

4.2.3 2'-5'/3'-5' siRNA mixmers targeting firefly luciferase

The mixmer strategy was then applied to the synthesis of siRNAs targeting firefly luciferase.
The AS and sense modified mixmers prepared are listed in Table 4.1. Gene knockdown data
(Figure 4.4) show that mixmers with a sense-modified strand generally performed better than
mixmers with modified AS strands. ICso values of sense modified siRNAs were in the same

range or slightly higher, compared to the unmodified siRNA control (Figure 4.4).

Thermal denaturation curves of mixmer siRNA duplexes exhibited sigmoidal melting profile.

Furthermore, mixmers had similar or higher Trm values, in comparison with their 2’-5" modified

Table 4.1 siRNAs targeting firefly luciferase mRNA, modified with 2'-5'/3'-5" mixmer linkages at
various positions of sense or antisense strands. Sequence, thermal denaturation, and 1Cso values of these
SiRNAs are provided. Legend: 2'-5/3'-5' mixmer linked RNA, 3'-5' linked RNA.

Sample Sequence Tm(l’é‘;“e ICs0 (NM)
VST QL) 3 GGCOAAC UUCAGAAAUUAALIL 5 B0 7T
wes 8 SeMemsmusmbsws oo
VeSS ) 3 GGCGAAC UUCAGAAAUUAAUU 5 TS S8
VLAt (R 3 GGCGAACUUCAGAAAUUAAUD 5 2
MLUCASS (3 3 GGCGAACULCAGAAAUUAALU 5 42 108
wesss  © omemsuussbLT g, g
s § Selsmsasmuans o,
MLICASS (L 3 GGCGAAC UUCAGAA AUUAALIL 5 M4 2300
Luc-CTRL (S) 5'- GCUUGAA GUCUUUA AUUAAUU -3' 65.0 11

(AS) 3'- GGCGAAC UUCAGAA AUUAAUU -5'
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counterparts. Stability differences were more pronounced for siRNAs containing a fully modified
sense or AS strand. Next, a selected number of mixmer modified siRNAs were studied by
circular dichroism (CD). Similar to 2'-5' RNAs and 3'-5' RNAs, CD spectra of 2'-5/3'-5' mixmer
siRNAs show the characteristic signature and peaks for right handed A-form duplexes (Figure

4.5).
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Figure 4.4 Assay demonstrating activity of 2'-5'/3'-5"' mixmer siRNAs (n=2) at a range of 0.16, 0.8, 4,
20, 100 nM siRNA concentrations; Firefly luciferase levels were normalized to total cellular protein
and luciferase counts of cells treated with scrambled non targeting sSiRNA. Comparison of mixmer AS-
modified (shown here) with 2'-5" AS-modified siRNAs (shown in Figure 3.3) proves that while 2'-5’
modification in the siRNA AS alleviates the siRNA activity, mixmer modification in the siRNAs AS is
very well tolerated.
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Figure 4.5 Normalized CD spectra and UV melting profiles of selected 2'-5'/3'-5' mixmer and 2'-5'
modified siRNAs targeting firefly luciferase. Sample sequences and modification patterns are presented
above. Legend: 2'-5'/3'-5' mixmer linked RNA, 2'-5' linked RNA, 3'-5' linked RNA.
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4.2.4 2'-5'/3'-5' siRNA mixmers targeting P53

An important feature of mixmers is that they improve the potency of AS-modified siRNAs,
which are otherwise inactive (e.g., compare 2'-5'-siRNA modified Luc-AS4, Figure 3.3, versus
2'-5'/3'-5" mixmer siRNA M-luc-AS4, Figure 4.4). To assess the generality of this approach, we

applied the 2'-5'/3'-5" mixmer design to a library of sSiRNAs targeting P53 mRNA.

Here again, we focused on AS-modified siRNAs, comparing the activity of 2'-5'/3'-5' mixmers to
their corresponding 2'-5'-modified siRNAs. In this case, we used a dual reporter assay containing
a renilla luciferase reporter gene and a cloned target site for P53 siRNA (more details in Chapter
3, Section 3.6). These assays were conducted by Dr. Regina Cencic from the Pelletier research
group (McGill). It is noteworthy that while siRNAs with pure 2'-5-AS strand exhibited poor

activity (Chapter 3), sSiRNAs with mixmer AS strands were quite active (Figure 4.6). As seen

Table 4.2 siRNAs targeting P53 mRNA, modified with 2'-5' or 2'-5/3'-5" mixmer linkages at various
positions of antisense strands. Sequences and thermal denaturation values of these siRNAs are shown
below. Legend: 2'-5' linked RNA, 2'-5'/3'-5" mixmer linked RNA, 3'-5' linked RNA.

Sample Sequence Tm value (°C)
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 616
P53-AS4 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 59.8
P53-AS5 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 63.9
P53-AS6 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 64.0
M-P53-AS4 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 62.3
M-P53-AS5 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 65.5
M-P53-AS6 (AS) 5-UUACACA UGUACUU GUAGUGG-3' '
(S) 3'-CCAAUGU GUACAUG AACAUCA-5' 69.7
M-P53-ctrl (AS) 5-UUACACA UGUACUU GUAGUGG-3' '

140



120 - 0.16-100 nM
h |
L 100 A
o
QL
S 80
3
2 60
'c
< I I |
o 40 1
2
©
r 20 4
o
0' T T T T T T T
N N b ) o O,b- c;o (_;o
& & ¥ ¢ ¢ ¥ %

S
&

N o5 ] o5 o » »

&

Figure 4.6 P53 assay comparing the activity of 2'-5'/3'-5' mixmer siRNAs (n=2); Renilla luciferase levels
were measured relative to the unmodified renilla reporter, Following the treatment of the cells with
mixmer siRNAs at a range of concentrations (0.16, 0.8, 4, 20, 100 nM).

with the luciferase library, the lower content of 2'-5' linkages in mixmer duplexes, in comparison

with the 2'-5'-only siRNAs, resulted in a modest increase (+2-3 degrees) in the Tm values.

siRNAs with mixmer-modified AS strands exhibited similar (M-P53-AS 5), or significantly
higher activity (M-P53-AS 4 and 6) than the 2'-5-only modified siRNAs (Figure 4.6).
Therefore, here again, the mixmer configuration restores the activity of an otherwise inactive 2'-
5'-siRNAs. As shown in the following sections, this observation also applies to other mixmer

modification combinations (Section 4.4).
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4.2.5 Immunostimulatory effects of 2'-5'/3'-5" sSiRNA mixmers

SiRNA treatment, as previously explained, can elicit strong interferon-o (IFN-a) responses in
human peripherial blood mononuclear cells (PBMCs).1* > In Chapter 3, we demonstrated that
the 2'-5'-modified siRNA have immune evading effects, and wonder if the same is true for 2'-
5'/3'-5' sSiRNA mixmers.

To address this question, IFN-a and IL6 production levels were evaluated in PBMC cells treated

Table 4.3 Sequences of single stranded RNAs and siRNAs modified with 2'-5' linkages targeting 728UU
gene. Legend: 2-5' linked RNA, 2'-5'/3-5" mixmer RNA, 3-5' linked RNA. The highlighted UGUGU
sequence was reported to be the highly immunostimulatory motif and is incorporated in the sense strand
of the siRNA targeting 728UU.

Sample Sequence
7280U ctrl 5 AAAUCGCUGAUUUGUGUAGUU-3'
3-UUUUUAGCGACUAAACACAUC-5'
8L 5-AAAUCGCUGAUUUGUGUAGUU-3"
3-UUUUUAGCGACUAAACACAUC-5'
5-AAAUCGCUGAUUUGUGUAGUU-3'
728UU-25AS 3.UUUUUAGCGACUAAACACAUC-5'
7198UU-MixS 5-AAAUCGCUGAUUUGUGUAGUU-3'
3-UUUUUAGCGACUAAACACAUC-5'
. 5-AAAUCGCUGAUUUGUGUAGUU-3'
728UU-MixXAS 3-UUUUUAGCGACUAAACACAUC-5'
RNA-S 5-AAAUCGCUGAUUUGUGUAGUU-3'
RNA-AS 3-UUUUUAGCGACUAAACACAUC-5'
ot s 5-AAAUCGCUGAUUUGUGUAGUU-3'
25 AS 3-UUUUUAGCGACUAAACACAUC-5'
Mixmer-S 5-AAAUCGCUGAUUUGUGUAGUU-3'
Miximer-AS 3-UUUUUAGCGACUAAACACAUC-5'
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with the unmodified or mixmer modified siRNAs listed in Table 4.3. These studies were
performed at Beckman Research Institute at City of Hope, in the laboratory of Dr. John Rossi.
PBMC cells were treated with unmodified or modified siRNAs using DOTAP as the transfecting
agent. IFN-o and IL6 production levels were measured 24 hours later by ELISA. siRNA
sequence 728UU was chosen for this study, as it has been reported to have strong
immunostimulatory activity in PBMCs, caused by a "UGUGU" motif in its sense strand.'*

PBMCs treated with the unmodified control siRNAs (728UU ctrl) and single stranded RNAs
(RNA-S and RNA-AS), showed significantly increased IFN production compared to the mock
treatments (Figure 4.7). Fully modifying the immunostimulatory sense strand of 728UU siRNA

with 2'-5' linkages almost completely abolished the immune response. This was also true for the
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Figure 4.7 Comparison of immunostimulation prior to treatment with the siRNAs targeting 728UU. IFN
levels were measured in PBMC cells 24 hours after sSiRNAs were transfected in duplicate using DOTAP.
IFN-a levels (left graph) and IL-6 levels (right graph) in response to unmodified control siRNAs (728UU
ctrl) and control single stranded RNAs (RNA-S and RNA-AS), is compared to 2'-5'- or mixmer- modified
SiIRNAs (728UU-25S and 728UU-25AS) and single stranded 2'-5'- or mixmer- modified ssSRNAs (S and
AS). Cells only was the negative control with no reagents. DOTAP only treatment was transfection
without siRNA. Data was collected in duplicate for each of six donors. Bars indicate standard deviation.
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2'-5' S and AS single strands. In contrast, both the 2'-5/3'-5' siRNA mixmer (728UU mixS) and
mixmer-S single strand induced IFN and IL-6 secretions to a significant extent. Interestingly, the
immunostimulatory activity of the mixmer-AS single strand was much more reduced, as was the
case for the 2'-5'-S and AS strand. IL-6 levels followed the same trend in all cases, although I1L6
levels were not reduced as IFN levels. The change in IFN levels upon 2'-5' or mixmer
modifications were more pronounced in the case of single stranded RNAs, compared to the

SiRNA duplexes (Figure 4.7).

43  2'-5'/3'-5" RNA mixmers: Averaging or synergistic effects? Preparation of a 64-
member library

To determine whether the observed gene knockdown activity of a mixmer siRNA is simply an
average of the activities of all components in the mixture, we evaluated the activity of a mixmer
and an artificial mixture prepared by manually combining all possible members found in the
mixmer (“pseudo-mixmer”). To accomplish this, each member of the mixmer was prepared
separately. Once purified and characterized, each member was combined to afford the “pseudo”-
mixmer. If the mixmer were as active as the pseudo-mixmer, then the activity observed for the
mixmer is likely the average activity of the members in these mixtures.

In this experiment, we used the 64 member library targeting firefly luciferase described in
Chapter 3. Equal stoichiometric amounts from each member of this library were mixed to
generate the "64 Mix" pseudo-mixmer sample. First, we compared the gene knockdown activity
of the "64 Mix" pseudo-mixmer with the activity of each member in the siRNA library (Figure
4.8 (a)). Given the large number of samples in the library (64), the ICso values of each member
was not determined (this would require over 1500 transfection experiments!). Rather, inhibition

of luciferase protein expression was determined for each sample at a fixed duplex concentration
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(20 nM). From this, the average of normalized luciferase activity levels for each sample in the
library was calculated (ave.: 59% inhibition), and compared it with the luciferase activity level of
the “64 Mix” sample (76% inhibition). The significantly higher activity of the artificially
prepared “64 Mix” pseudo-mixmer (over the activity obtained by averaging the activity of each
member) suggest a synergistic effect may be operating in the “64 Mix” pseudo-mixmer.

To assess the activity of the 2'-5'/3'-5'-siRNA mixmer under the same conditions, we synthesized
mixmer samples obtained from two different 3'P/2'P amidite compositions, i.e., 1:1 and 1:1.3.
The latter ratio takes into account the better coupling efficiency of 3'P vs 2'P amidites (Section
4.2.2). By using higher equivalents of 2'-5' phosphoramidites (1.3 eq. of 2'P vs. 1 eq. of 3'P
amidites) during mixmer siRNA solid-phase synthesis, incorporation of 2'-5' and 3'-5' linkages
would proceed with equal efficiency. This would provide theoretically a mixture of 64 siRNA
oligomers in approximately equal amounts, as in the artificially prepared “64 Mix” pseudo-
mixmer sample.

The dose response and inhibition data shown in Figure 4.8b indicates that the activities of the
mixmer-1:1 and mixmer-1:1.3 are similar to the native siRNA control (ca. 30 nM), and slightly
more active than the “64-Mix”-pseudo mixmer (ca. 60 nM). We estimate that the activity of the

SiRNA members (averaged over all 64 members) is >100 nM.
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Figure 4.8 (a) Positional screening of 2'-5' linked siRNAs targeting firefly luciferase in 64 library.
siRNAs are modified on the six nucleotides on the 5'- terminal of guide strand and are represented by the
number corresponding to their guide strand shown in Table 3.4. Comparison of the average of
normalized luciferase activity levels for samples 1 to 64 (41%) with the luciferase activity level of 64
Mix sample (24%) shows that the observed knockdown potency in the 64 Mix sample is not due to a
simple average of the potencies of all the 64 siRNAs. (b) Comparison of the activity of mixmer siRNAs
with 1:1 and 1:1.3 ratios of 3'P: 2'P amidites with 64 Mix siRNA. Mixmer siRNAs show similar potency
to the native siRNA duplex. siRNA activity was tested at a range of concentrations (0.16, 0.8, 4, 20, 100
nM).
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4.4  Beyond the 2'-5'/3'-5" siRNA mixmers: Can other chemical modifications exhibit
similar mixmer siRNA properties?

We wondered if mixmers prepared using other nucleotide analogs would also provide active
siRNAs. Those considered in this study are various combinations of RNA, 2'-OMe RNA, 2'-
5'RNA, FANA, and ANA modifications, shown in Table 4.4. All samples were purified as a
single peak by IE-HPLC following the same protocol used for 2'-5'/3'-5" mixmers. LCMS profile
for 2'-OMe/ANA and RNA/FANA mixmers (details in experimental section) are provided in
Figure 4.9. As expected, product distribution within a mixmer sample follows a Boltzmann
distribution pattern, with the highest population of products at the center of the peak pocket

belonging to the group of products with the highest positional variation of modifications.

Table 4.4 SiRNAs targeting firefly luciferase were modified with either mixmer (X/Y) or pure
modifications (X or Y) according to the table below. Modified nucleotides were at the central region of the
AS strand.

(S) 5-GCUUGAA GUCUUUA AUUAAUU-3'
(AS) 3-GGCGAAC UUCAGAA AUUAAUU-5'

Control siRNA (X) (X/Y) mixmer siRNA Control siRNA (Y)
Luc-2'-OMe Luc-2'-OMe/RNA Luc-RNA
Luc-2'-OMe Luc-2'-OMe/2'-5' Luc-2'-5'
Luc-EANA Luc-FANA/ANA Luc-ANA
Luc-EANA Luc-FANA/RNA Luc-RNA

Luc-ANA Luc-ANA/RNA Luc-RNA
Luc-ANA Luc-ANA/2'-OMe Luc-2'-OMe
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Figure 4.9 ESI-MS profile for 2'-OMe/ANA (a) and RNA/FANA (b) mixmers. Distribution of the peaks

between the two margins represent the population of the modified species within a mixmer sample.
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The lowest and highest margins of the peak pockets for 2'-OMe/ANA and RNA/FANA mixmers
(Figure 4.9) represent a strand with only the lighter or the heavier modification used in the
modification segment. In 2'-OMe/ANA mixmer, there is 14 mass units difference between 2'-
OMe and ANA modified nucleotide of the same base, which separates each subgroup of strands
with similar number of 2'-OMe and ANA. In the case of an RNA/FANA mixmer, the mass unit
difference between RNA and FANA is 2 units, which does not allow much separation in between

each peak sub-groups, as in 2'-OMe/ANA mixmers.

4.4.1 Beyond the 2'-5'/3'-5 mixmers: luciferase assay results

Following the synthesis of the modified AS strands listed in Table 4.4, the corresponding SiRNA
for each X/Y mixmer, as well as their X and Y control siRNAs were prepared and tested against
firefly luciferase mRNA. As expected, other than 2'-OMe modification, the rest of the
modifications used here in the mixmers preparation (2'-5', FANA, ANA) were not much
tolerated in the AS strand and resulted in SiRNAs with diminished activity. However, when a
mixmer siRNA was prepared from RNA or an AS-tolerated modification (such as 2'-OMe)
mixed with an AS-non-tolerated modification (2'-5', FANA, ANA), the resulting siRNA gained
significant activity (Figure 4.10). These results are in complete agreement with previous
findings, indicating that 2'-5/3'-5' mixmers can enhance the tolerance of 2'-5' modifications in
the sSiRNA AS strand. An exception to these results were in mixmers prepared from FANA/RNA
or FANA/ANA. The latter assay confirmed that mixmers prepared from two inactive AS
modifications are less likely to show more activity than any of the parent modified (X or Y)

SsiRNAs.
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45  Conclusion and future work

The mixmer strategy takes advantage of vast variety of SIRNA modifications that are, otherwise,
not tolerated in the AS strand. For example, the 2'-5'/3'-5" mixmer strategy produces an active
mixture while avoiding the lengthy and labour intensive process of synthesis and screening of
dozens-to-hundred of 2'-5'-modified siRNAs. Our results suggest that SiRNA mixmers prepared
from different modifications can enhance RNAI activity to various degrees. Detailed structural
investigations are needed to elucidate why some modifications are more compatible with each
other to yield active siRNAs. We speculate the flexibility of modifications, and the ability of
mixmer X/Y nucleotides to adjust themselves to the duplex structure is a key factor that
modulate the activity of these X/Y siRNA mixmers.

Our strategy can significantly contribute to the design of a new class of AS-modified siRNAs,
adding to the handful of modifications that are currently known to be accepted in the AS
strand.'® Our results demonstrate that mixmer strategy can particularly be useful in a smart
design of siRNAs, utilizing a variety of chemical modifications to introduce nuclease stability

and abrogate immunostimulatory effects.
46  Experimental methods

4.6.1 Oligonucleotide synthesis and siRNA preparation

Standard phosphoramidite solid-phase synthesis conditions were used for the synthesis of all
modified and unmodified oligonucleotides.'” Syntheses were performed on an Applied
Biosystems 3400 DNA Synthesizer at a 1 pmole scale using Unylinker CPG support
(ChemGenes). All phosphoramidites, including the 2'-5' phosphoramidites, were prepared as
0.15 M solutions in acetonitrile (ACN). Mixmer amidites were generally prepared from 1:1

amidite mixtures of the two modification phosphoramidite, unless stated otherwise. 5-
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ethylthiotetrazole (0.25 M in ACN) was used to activate phosphoramidites for coupling.
Detritylations were performed using 3% trichloroacetic acid in CH2Cl, for 110 sec. Failure
sequences were capped using acetic anhydride in THF and 16% N-methylimidazole in THF. A
0.1 M solution of 12 in 1:2:10 pyridine:water: THF was used for oxidation. Coupling times were
600 seconds for all RNA, 2'-5', 2-OMe, 2'-FRNA, ANA, and FANA phosphoramidites as well as
their mixmers, except for their guanosine phosphoramidites which had 900 seconds of coupling
time. When a mixmer of two modifications with different coupling times were prepared, settings
were adjusted based on the modification with higher coupling time. Chemical 5'-phosphorylation
of selected modified guide strands was done at the synthesizer instrument using bis-cyanoethyl-
N,N-diisopropyl-2-cyanoethyl phosphoramidite at 0.15 M (600 sec coupling time). Deprotection
and cleavage from the solid support for was accomplished with 3:1 NH4sOH:EtOH for 48 hours
at room temperature (for 2'-5' modified samples, as well as other modifications), and with 40%
methylamine for 10 minutes at 65° C (for unmodified RNA samples).*® Oligonucleotides
containing either 3'-5' or 2'-5' RNAs were both synthesized with standard 2'-TBDMS and 3'-
TBDMS phosphoramidites respectively. Desilylation of all samples was achieved with
triethylamine trihydrofluoride/N-methyl pyrrolidone/triethylamine (1.5:0.75:1 by volume) for 2.5
hours at 65 °C.18 19

Purification of crude oligonucleotides was done by HPLC using an anion exchange column
(Protein PAK DEAE 5PW 21.5 mm x 15 cm). The buffer system consisted of water (solution A)
and 1 M lithium perchlorate solution in water (solution B), at a flow rate of 4 mL/min. The
gradient was 0—40% B over 40 min at 60 °C. Under these conditions, the desired peaks eluted at
20—30 minutes. The collected samples were then lyophilized to dryness and were desalted with

Nap-25 Sephadex columns from GE Healthcare.
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Table 4.5 MS characterization of S and AS strands comprising the siRNAs targeting firefly luciferase,

P53, and 728UU

Sample Name

Luciferase S

Luciferase AS

P53 S

P53 AS

728UU S

728UU AS

Luc-2'-OMe

Luc-FANA

Luc-ANA

Luc-2'-OMe/RNA

Luc-2'-OMe/2'-5'

Luc-FANA/ANA

Luc-FANA/RNA

Luc-ANA/RNA

Luc-ANA/2'-OMe

Sequence

5'- GCUUGAAGUCUUUAAUUAAUU -3'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'-CCAAUGUGUACAUGAACAUCA-5'

5-UUACACAUGUACUUGUAGUGG-3'

5'- AAAUCGCUGAUUUGUGUAGUU-3'

3-UUUUUAGCGACUAAACACAUC-5'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5’

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5'

3'- GGCGAACUUCAGAAAUUAAUU -5’

3'- GGCGAACUUCAGAAAUUAAUU -5'

Exact Mass

(Calc)

6617.8352

6701.9292

6660.9392

6671.8672

6672.8512

6598.8892

6800.0692

6715.9331

6701.9292
6701.9292-
6800.0692

6701.9292-
6800.0692

6701.9292-
6715.9331

6701.9292-
6715.9331

6701.9292

6701.9292-
6800.0692

Exact Mass (Exp)

6617.8352

6701.9292

6660.9392

6671.8672

6672.8512

6598.8892

6800.0313

6715.8438

6701.8750

6743.9688-6799.9376
(detected range)

6757.9375-6800.0313
(detected range)

6704.8607-6716.8691
(detected range)

6701.9830-6715.9550
(detected range)

6701.8750

6715.9375-6785.9688
(detected range)

Sequences were verified by high resolution ESI-LCMS. Note that since 2'-5' linked RNA is a

regioisomer of RNA, all 2'-5'" modified samples had exactly the same mass as their unmodified

control. The observed mass range for some of the mixmer oligos was shifted more towards one

range, due to the differences in coupling efficiency of the modifications used in the mixmer
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preparation, as well as different ionization abilities of the modified species in the mixmer (Table
4.5). The oligonucleotides were analyzed by LC-MS using a Dionex Ultimate 3000 UHPLC
coupled to a Bruker Maxis Impact QTOF mass spectrometer in negative ESI mode. Samples
were run through a Phenemonex Luna C18(2)-HST column (2.5 uM 100A 2.0 x 50 mm) using a
gradient of 95% mobile phase A (100 mM HFIP and 5 mM TEA in H20) and 5 % mobile phase
B (MeOH) to 40 % mobile phase A and 60% mobile phase B in 8 minutes. The data was

processed and deconvoluted using the Bruker Data Analysis software version 4.2.

4.6.2 Thermal denaturation experiments and circular dichroism studies

Complementary sequences from siRNA libraries (1.5 nmol) were combined, dried, and rediluted
in 1 mL of Ty buffer containing 140 mM KCI, 1 mM MgCl, and 5 mM Na:HPO4 (pH 7.2).
Samples were then transferred into UV cuvettes in a Varian Cary 300 UV spectrophotometer and
heated up to 90 °C. They were cooled down to 5 °C (ramped at 1°C/min), followed by heating up
from 5 °C to 95 °C. The change in their absorbance at 260 nm was monitored upon cooling and
heating steps. Melting temperatures were determined using the heating ramp and via baseline
method, as implemented in the Cary software.

CD spectra were obtained on a JASCO J-810 circular dichroism spectrometer equipped with a
Peltier temperature controller at the Biochemistry Department at McGill. Samples were annealed
at a final concentration of 10 nM prior to the experiment in the same buffer as for the thermal
denaturation studies. Spectra were recorded at 25 °C under constant flow of nitrogen gas, and
was baseline-corrected with respect to a blank containing the buffer only Smoothing and

adjustment for duplex concentration were performed using the Spectra-Manager program (Jasco)
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4.6.3 Luciferase siRNA assay

Luciferase knockdown assays were performed as described in Deleavey et al.?® with a few
modifications. Typically, HeLa cells were counted and seeded at a density of 10,000 cells/well in
a 96-well plate. Cells were allowed to recover for 24 hours at 37°C with 5% CO,. Subsequently,
cells were washed once with serum-free DMEM media and then 80 ul of serum-free DMEM
media was added. siRNA and control nucleic acid preparations were diluted up to 20 ul with
serum-free media and transfection reagent (Oligofectamine, Invitrogen) and added to the
appropriate well (for a total of 100 uL) at increasing concentrations (0.16, 0.8, 4, 20, and 100
nM). Cells were incubated overnight (for a total of 24 hours post-DNA addition). Then 50 uL of
ONE-Glo luciferase reagent (Promega, USA) was added to each well and luminescence was
measured and normalized to protein levels using a Biotek Synergy HT plate reader. Data was
acquired with the Gen5 software suite and data was manipulated and plotted using Graphpad

Prism software suite.

4.6.4 P53 siRNA reporter assay

Cloning of P53 reporter was performed following the instructions reported in literature.? Briefly,
a G-block was ordered from IDT Technologies containing the p53 target side flanked by
restrictions sides for Xhol and Notl at the 5" and 3' of the sequence, respectively, to clone the
sequence into the 3' UTR of the Renilla gene of the plasmid PsiCheck2 (Promega). Following
the cloning, the plasmid was sequence verified.

Sequence:
"atccgtttcaagccgCTCGAGagcegtggtggtaccttatgageccacccgaggecggctctgagtataccaccatccactacaagtac

atgtgtaatagctcctgcatggggggcatgaaccgccgacctatccttaccatc GCGGCCGCgttcataggcttatg”
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The plasmid was then, transfected into 293T cells using CaPQOg4, followed by siRNA transfection,
following the procure explained here. 293T cells were seeded with 5000 cells/well in a 96 well
plate. After 12 hours, they were transfected with the siRNAs using Oligofectamine (Invitrogen).
24 hours after siRNA transfection, cells were transfected with 20 ng/well of the DNA plasmid,
using calcium phosphate. 48 hours after the plasmid transfection, cells were harvested in 100uL
PLB (Passive Lysis Buffer, Promega) and 5ul was used to read FF/Ren using a Fluorostar

Optima.

4.6.5 Immunostimulation assays in human peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors at City of Hope
National Medical Center using discarded anonymous blood unit leukocyte filters (Pall). PBMCs
were plated in 24-well plate (2.5x10° cells/well) and transfected using DOTAP transfection
reagent (Sigma-Aldrich) according to the manufacture’s protocol at a final RNA concentration of
80 nM. Cells were incubated at 37 °C for 24 hours. Supernatants from each well were collected,
and IFN-a and IL-6 levels were quantified by enzyme-linked immunosorbent assay (ELISA)
using 96-well ELISA plates coated with a human IFN-a or IL-6 antibody (ThermoFisher
Scientific), respectively. During this experiment, discarded peripheral blood from anonymous
adult donors from the City of Hope Apheresis Center (Duarte, CA) was used. The proposed
research involved blood specimens from anonymous human subjects with no identifiers to age,
race, ethnicity, or gender. The information provided for the above submission was evaluated and
determined not to involve human subjects research (45 CFR 46.102 (d)(f)). Therefore, it does not
need to be approved nor does it need to undergo continuing review by the Institutional Review

Board (IRB) in the City of Hope.
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CHAPTER 5: PARALLEL HYBRIDS AS TRIGGERS OF RNAI
5.1 Introduction

5.1.1 Parallel duplexes: History and synthesis

Canonical nucleic acid duplexes, as explained in Chapter 1, have their strands arranged in an
antiparallel orientation with one strand in 5'-to-3' and the other in 3'-to-5' orientation.! However,
under certain conditions?, nucleic acids are capable of forming parallel duplexes (Chapter 1,
Figure 1.5).3® This noncanonical structure can also be seen as constituents of DNA triplexes,®*?
G-quadruplexes,** and i-motifs'® 1" (Chapter 1, Figure 1.5).

Parallel duplex hybridization was not considered feasible until, for the first time, in 1986
Pattabiraman through quantum mechanics calculations demonstrated that a parallel stranded (ps)
DNA duplex (dA6:dT6) is possible.’® Triggered by this model, the first structural and
thermodynamic study on a parallel DNA duplex was performed at the University of Calgary by
Van de Sande and co-workers in 1988.° This study investigated hairpin sequences containing
either a 3'-p-3' or a 5'-p-5' internucleotide linkage on the loop region, which as a result, forced
two DNA strands to hybridize parallel to one another.® Much progress has been made ever since
in the structural investigations of parallel double helical structures.!®2° Parallel duplexes are
generally difficult to build, as it requires perfect sequence complementarity of the strands in the
parallel orientation that is not complementary in the antiparallel orientation. Essentially, special
conditions should be maintained in order to avoid the formation of other competing secondary
structures such as an antiparallel duplex, G-quadruplex, or triplex, and instead, form a parallel
duplex. Other conditions that are required for the formation of parallel duplexes are application

of certain chemical modifications, or unnatural environmental conditions. For example, chemical
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modification of nucleobases have been demonstrated to help establish the parallel orientation of
the strands.3%3* isoG:C and isoC:G base pairs (chapter 1, section 1.7.2), for instance, have been
demonstrated to improve the hydrogen bonding and duplex stability of parallel oriented
duplexes.® 3 Other chemical modifications establish parallel strand orientation by introducing
strand polarity reversal as a consequence of 3'/3' or 5'/5' linkages,® %" %8 or by changing the
stereochemistry of the glycosidic bonds as in parallel hybrids formed with a-anomeric
oligodeoxynucleotides and complementary B-oligodeoxynucleotides.®® % Parallel hybridization
can also be attained in acidic pHs, mainly through formation of C:C* Hoogsteen base pairs.® 4143

The following section focuses on binding patterns in parallel duplexes in more detail.

5.1.2 Base pairing patterns in parallel duplexes

As explained in Chapter 1, nucleobases have different edges for base pairing.** These base
pairing edges are (i) Watson- Crick (WC) edge, (ii) Hoogsteen (H) edge (purines)/ C-H edge
(pyrimidines), and (iii) Sugar edge (SE), where the 2'-hydroxyl group of ribose in RNA is
capable of forming efficient H-bonds (Chapter 1, Figure 1.4). Unlike the canonical base-pairing
motif, which is WC edge-to-WC edge interaction, with relative cis orientation of glycosidic
bonds, the major hetero-base pairing pattern (purine-pyrimidine hydrogen bonding) in parallel
duplexes of mixed base composition is the reverse Watson Crick (rWC) base pairing (Figure
5.1). Similar to WC base pairs, the nucleobases interaction in rwWC base pairs is also through
their Watson-Crick edges. In rWC base pairing, however, the glycosidic bonds of the nucleotides

relative to the axis of interaction are trans to each other.®
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Figure 5.1 Canonical and noncanonical base pairing patterns in antiparallel (a) and parallel (b,c,d) ds
DNA. Arrows represent the geometry of the glycosidic bonds in WC, rWC, and Hoogsteen base pairing
modes. Purines in WC (a) and rWC (b,c) modes adopt the anti conformation, whereas the Hoogsteen
mode (d) adopts a syn conformation. Note that in isoG:C and isoC:G base pairs (c) all three hydrogen
bondings in the rWC mode are retained. WC and rWC base pairings are shown with dashed bonds, and
Hoogsteen base pairing is shown with hashed bonds.
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Thymine (and uracil), as presented in Figure 5.1, is symmetrical about the central thymine-N3-
adenine-N1 axis of an A:T pair. This means that upon reversal of the strand orientation from
antiparallel to parallel, the A:T pair can still form two hydrogen bonds. Therefore, A/T rich
oligonucleotides can form stable rwC parallel-stranded duplexes.® 2 However, cytosine is not
symmetrical in relation to the axis of interaction. As a result, G:C pairing in the rwWC
arrangement requires the bases to shift relative to one another, causing some stability loss in
comparison with canonical G:C pair (“sheared” rWC G:C pair, Figure 5.1b). For this reason,
rWC parallel sequences can still tolerate the presence of G:C pairs, although with reduced
stability, which manifests itself in the low cooperative melting profiles of such duplexes.>: 2% 45 46
This energy loss is believed to be due to the sugar-phosphate backbone distortion at the A:T/G:C
stacking contact, since the sheared trans G:C pair is not isomorphous to the trans AT pair. With
this regard, isoG:C and isoC:G base pairs have been demonstrated to improve the hybridization
properties of trans G:C base pairs and compensate for some of the energy loss.> 4’ The twisted
base structures of isoG and isoC (Figure 5.1) are able to retain all the three hydrogen bonds
within isoG:C or isoC:G rWC base pairs in a mixed base parallel duplex, and hence stabilize the
otherwise unstable parallel double helix.®?-3% 4® Parallel duplexes with rWC base pairing are also
different with canonical B-DNA duplexes in that they contain grooves of about equal size.® °

Another class of hetero-base pairs observed for parallel hybridization is the Hoogsteen base pair,
which occurs between the Hoogsteen edge of “syn” purines and the Watson-Crick edge of “anti”
pyrimidines (Figure 5.1). This class of base pairing occurs in acidic environments, where the
cytosine N3 is protonated to afford additional duplex stabilization via a C*:G Hoogsteen pair
(Figure 5.1).% 4% 50 Sych acidic conditions can also help stabilize pyrimidine-pyrimidine and

purine-purine pairing in the parallel orientation,-51-°
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5.2  Background and objectives

Noncanonical parallel duplexes, as expected, present very different properties e.g. spectroscopic
properties,?> 28 47 enzymatic recognition, and ligand-binding (drug or protein) properties,>*° in
comparison to canonical antiparallel duplexes. Much research has been done recently on the
structure and function of nucleic acid parallel double helices, mainly due their possible roles in
nature,%> % and the development of novel DNA nanostructures,®? hybridization probes in
synthetic biology,®® and oligonucleotide-based therapeutics.>> % It is important to note that most
of these studies have been limited to parallel DNA duplexes.® 8-2° Reports of possible parallel
stranded (ps) DNA:RNA or RNA:RNA duplexes are rare and remain mostly at the level of T
characterization/measurements.3> 34 42 867 n addition, the biological significance of ps-
DNA:RNA or ps-RNA:RNA parallel duplexes, if any, remains to be established.

To expand upon our current knowledge of parallel-stranded duplexes, as well as following our
ongoing interest in designing novel chemically modified siRNAs with enhanced drug-like
properties, we aimed to study parallel-stranded (ps) duplexes, namely ps-DNA:RNA hybrids and
ps-RNA:RNA, as triggers of RNA interference. Previous research from our lab conducted by Dr.
Maryam Yahyaee (Ph.D. Thesis, 2015, McGill University)®® and the Seela group®” had shown
that utilizing isoC and isoG can ensure formation of stable 12mer and 21mer ps-DNA:RNA
hybrids under physiological-like conditions. In addition to isoC and isoG maodifications, Dr.
Yahyaee investigated the impact of 2'-fluorinated sugar modifications (2'F-RNA and 2'F-ANA)
on parallel duplex strength, in order to assess whether similar stabilizing effects as in 2'-
fluorinated antiparallel duplexes, were observed.®>"* Remarkably, she observed that chemically
modified ps-DNA:RNA duplexes were able to inhibit the expression of the oncoprotein protein

Bcl-2. This suggested that the RNAIi machinery is not limited to the antiparallel configuration for
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recognition of siRNAs. All attempts to form ps-RNA:RNA failed to generate any stable duplex
structures and hence could not be tested in the same in-vitro silencing assay.

The work in this chapter is in continuation of this line of research, focusing on ps-DNA:RNA
hybrids to a) determine whether other mRNA targets can be silenced, b) inquire about the
mechanism of action (is it RNAI?), and c) establish guidelines for the selection of effective ps-
DNA:RNA for RNAI. In doing so, most of our efforts focused on ps-DNA:RNA duplexes
targeting P53, CCND1, and renilla luciferase mRNAs. Results of these studies are described in

the following sections.

5.3  Design of parallel stranded DNA:RNA duplexes

In the classical antiparallel siRNAs, the AS strand has full WC complementarity with the target
MRNA, while the sense strand has the same sequence as the intended region on the target mMRNA
(Figure 5.2). In our study, we aimed to investigate rWC parallel hybridization as an alternative
to the classical antiparallel WC hybridization. As in previous work, the ps-DNA:RNA duplex
was designed in such a way that the RNA strand is parallel to the iso-C/G modified DNA strand
(Figure 5.2); once the duplex is loaded into RISC and the iso-C/G modified DNA sense strand is
discarded, the remaining AS RNA strand will hybridize to the target mRNA in the antiparallel
orientation. Hence, whether one starts with a parallel stranded or antiparallel stranded duplex, the
cleavage of the mRNA is triggered in both cases by an RNA strand bound to the mRNA in the
antiparallel orientation (Figure 5.2). Thus any difference in activity between a ps-DNA:RNA
and the canonical siRNA (antiparallel) duplex would presumably be due to differences in the rate

of loading of these duplexes by RISC.
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All parallel duplexes were designed as previously. The iso-dG and iso-dC modified DNA strand
was hybridized to either a complementary RNA or 2'F-RNA strand. The resulting parallel
duplexes were compared to the corresponding DNA:RNA and DNA: 2'F-RNA antiparallel
duplexes. The choice for 2'F-RNA as antisense strand stems from previous reports indicating that
the catalytic ribonuclease activity (AGO2) of RISC does not require the 2’-OH of guide antisense
RNA.”>"® Furthermore, we hoped to gain duplex stability as duplexes containing the 2'F-RNA
modification are generally more stable. Lastly, it was anticipated that having a heavily modified
DNA sense strand in our design may decrease the likelihood of this strand to act as an antisense

strand, and therefore, minimize the off-target effects.

(a) NH, 0

N~ N1 ka
HO HO ¢ \/§o | A

Base

oH F OH OH
2'F-RNA iG ic
(b)
Parallel duplex { 3-iGICATIGICIGIGICICTICTIGTTTIGATT-5 Sense strand
Antiparallel duplex { 3'-UUCGUACGCCGGAGACAAACU-5 AS strand
5-GCAUGCGGCCUCUGUUUGA-3' mMRNA
(c)
Antiparallel duplex { 5-GCAUGCGGCCUCUGUUUGAUU-3' Sense strand
Antiparallel duplex { 3'-UUCGUACGCCGGAGACAAACU-5 AS strand
5'-GCAUGCGGCCUCUGUUUGA-3' MRNA

Figure 5.2 Strategy used in the design of parallel stranded duplexes targeting Bcl2 (see (b)) in
comparison with canonical antiparallel Bcl-2 siRNA duplex (see (c)). rWC ps-duplex was stabilized
through incorporation of isoG and isoC in the sense strand (represented as iG and iC respectively). In
both cases (b) and (c), the RISC is loaded with an identical AS strand which is antiparallel to the target
MRNA and can elicit mRNA cleavage. AS strand was either all RNA, or modified with 2'F-RNA
(shown here). Legend: DNA, iso-DNA, 2'-F-RNA, RNA.
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Based on the above considerations, libraries of parallel duplexes targeting P53, CCND1, and
renilla luciferase were synthesized, characterized (Tm, CD, PAGE), and assessed in RNAI gene

knockdown experiments. Results of these experiments are presented below.

54 P53 library

5.4.1 Synthesis, thermal stability, and native gel electrophoretic analysis

A library of parallel and antiparallel SiRNAs targeting P53 mRNA was synthesized (Table 5.1)
based on the sequence design described before. Thermal stabilities of all duplexes were
evaluated in T buffer containing 140mM KCI, 1mM MgCl;, and 5mM NaxHPOQOg4, at pH 7.2,
which is a good representative for physiological conditions. Several parallel and antiparallel
control duplexes were incorporated into this library, to compare the thermal stability and

biological activity of parallel vs antiparallel duplexes.

Table 5.1 Sequence and melting temperatures of 21-nt parallel and antiparallel siRNA duplexes
targeting P53 mRNA. Legend: iso-DNA, DNA, RNA, 2'-FRNA.

Code Sequence Tm (°C)

. 3-AICT AICA AIGT AICA TiGT iGTA AiCiC-5' ]
IDD:R3 3-GGU GAU GUU CAU GUA CAC AUU-5'

3-AICT AICA AIGT AICA TIGT iGTA AICiC-5'

IDD:rF3 3.GGU GAU GUU CAU GUA CAC AUU-5' -
DLR3 3-ACT ACA AGT ACA TGT GTA ACC-5' ]

- 3-GGU GAU GUU CAU GUA CAC AUU-5'

L 3-ACT ACA AGT ACA TGT GTA ACC-5' ]

T 3-GGU GAU GUU CAU GUA CAC AUU-5'

_ 5 ACT ACA AGT ACA TGT GTA ACC-3' 489
D2:R3 3-GGU GAU GUU CAU GUA CAC AUU-5' :

. 5'ACT ACA AGT ACA TGT GTA ACC-3' 584
D2:rF3 3-GGU GAU GUU CAU GUA CAC AUU-5' :
R 5ACU ACA AGU ACA UGU GUA ACC-3' 607

: 3.GGU GAU GUU CAU GUA CAC AUU-5' :
- 5ACU ACA AGU ACA UGU GUA ACC-3 251

3'-GGU GAU GUU CAU GUA CAC AUU-5
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Figure 5.3 UV melting profiles (5-95 °C) of parallel oriented samples iDD:R3 and iDD:rF3 targeting
P53 versus their antiparallel counterparts, D2:R3 and D2:rF3 (a). Comparison of melting curves of
iDD:R3 with iDD (ss) shows similar curves and hyperchromicity, suggesting iDD:R3 has not formed a
parallel duplex (b). In agreement with previous evidences, native gel electrophoretic analysis of the
library members, as well as the single stranded components prove that parallel duplexes were not
formed under native gel conditions (see experimental methods for details) (c).
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Melting profile analysis of all parallel samples (iDD:R3, iDD:rF3, D1:R3, D1:rF3) revealed that
these samples did not exhibit sharp cooperative transitions that are typically observed when
stable duplexes are formed (Figure 5.3). While we noticed a 15-20% hyperchromic change in
the “melting” curve of iDD:R3, the curve obtained was clearly different from the antiparallel
duplex profile (Figure 5.3 a), and was almost superimposable to the curve of the single strand
alone (iDD) (Figure 5.3 b) suggesting that no interaction between iDD and R3 occurred. To
confirm this, the duplexes were next analyzed by gel electrophoresis at 4 °C in a buffer
containing 40mM Tris, 20mM acetic acid and 1mM EDTA (pH =8) (Figure 5.3 c). In agreement
with our results from melting profile analysis, none of the samples designed to form ps-duplexes
eluted as a slow moving single band; instead, these samples displayed bands corresponding to
their single stranded species. Moreover, no bands with unexpected higher mobilities (e.g., due to

high order secondary structures) were detected.

Our failed efforts in forming stable ps-duplexes targeting p53 mRNA highlights the importance

of sequence selection. We hypothesized that increasing the number of isoG and isoC

Table 5.2 Sequence comparison of iDD:R3 siRNAs targeting different genes. Number of isoC/G and
iSoC/G base pairs within each duplex indicates the possible stability increase in a parallel duplex.
Legend: iso-DNA, DNA, RNA, 2'-FRNA.

Target iDD:R3 sequence G/C base pairs

Bcl-2 3’ -iGICATIGICiGiGiCiCTiCTiGTTTIiGATT-5 1
3"-UUCGUACGCCGGAGACAAACU-5'

P53 3-AiCTAICAAIGTAICATIGTIGTAAICIC-5' 6
3'-GGUGAUGUUCAUGUACACAUU-5’

CCND1 3-iGiGiCiCUIGAAICICUIGAIGIGAIGICICiCA-5' 13
3'-UUCCGGACUUGGACUCCUCGG-5'

Renilla firefly 3-iGAIGICIGAAIGAIGIGIGICIGAIGAAATT-5' 1

3'-CUCGCUUCUCCCGCUCUUUAA-5'

168



modification sites within a duplex from six to at least eleven isoG/isoC base pairs, as for the Bcl-
2 ps-SsiRNA, are required to induce parallel duplex formation. Hence, we moved on to investigate

sequences containing a higher G/C content (Table 5.2).
55 CCNDL1 library

5.5.1 Synthesis, thermal stability, and native gel electrophoretic analysis

To test our hypothesis, we attempted the synthesis of a ps-siRNAs targeting the Cell-cycle
regulator cyclin D1 (CCNDZ1) protein,”® containing 13 G/C base pairs throughout the siRNA
sequence (Table 5.3). Thermal stabilities of all duplexes, as well as their single strands, were

evaluated in Tm buffer at pH 7.2.

Table 5.3 Sequence and melting temperatures of 21-nt parallel and antiparallel SiIRNA duplexes targeting
CCND1 mRNA. Legend: iso-DNA, DNA, RNA, 2'-FRNA.

Code Sequence Tm (°C)

iDD'R3 3-iGiGiC iCTiG AAIC iCTiG AIGiG AIGIiC iCiCA-5’ i
' 3'-UUC CGG ACU UGG ACU CCU CGG-5'

3-iGiGiC iCTiG AAIC iCTiG AIGiG AIGIC iCiCA-5

IDD:rF3 3-UUC CGG ACU UGG ACU CCU CGG-5' -
o1Rs 3-GGC CTG AAC CTG AGG AGC CCA-5’ _
: 3-UUC CGG ACU UGG ACU CCU CGG-5'
D113 3-GGC CTG AAC CTG AGG AGC CCA-5' _
' 3-UUC CGG ACU UGG ACU CCU CGG-5'
RS 5-GGC CTG AAC CTG AGG AGC CCA-3' 00

3'-UUC CGG ACU UGG ACU CCU CGG-5

D2:rF3 5-GGC CTG AAC CTG AGG AGC CCA-3' 845
. 3'-UUC CGG ACU UGG ACU CCU CGG-5' :

R2'R3 5'-GGC CUG AAC CUG AGG AGC CCA-3' 58.4
‘ 3'-UUC CGG ACU UGG ACU CCU CGG-5' '

5'-GGC CUG AAC CUG AGG AGC CCA-3'

R2:rF3 3-UUC CGG ACU UGG ACU CCU CGG-5'

66.7
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Figure 5.4 UV melting profiles (5-95 °C) of parallel oriented samples iDD:R3 and iDD:rF3 targeting
CCNDL1 (a). Comparison of melting curves of iDD:R3 and iDD:rF3 with R3 and rF3 (ss) shows similar
curve patterns, suggesting that parallel duplexes were not formed (b). In agreement with previous
evidences, native gel electrophoretic analysis of the library members, as well as the single stranded
components prove that parallel duplexes were not formed under native gel conditions (see experimental
methods for details) Blue rectangle shows a band representing a higher order secondary structure (c).
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Many of the samples within the CCNDL1 library did not exhibit clear sigmoidal curves (Figure
5.4). Instead, most samples presented melting profiles consisting of multiple transitions, likely
due to the presence of two or more complexes (Figure 5.4). These complexes are derived from
the single strands alone, namely R3 and rF3, since the melting curves of these oligomers
matched those of the mixtures (iDD + R3 and iDD + rF3). Thus, the secondary structures formed
by R3 and rF3 must be far more stable than the desired iDD:R3 and iDD:rF3 parallel duplexes.
Given the high G-rich content of R3 and rF3, it is conceivable that the structures formed under
these conditions are G-quadruplexes,-#* but no attempts were made to verify this hypothesis.

Analysis by PAGE (Figure 5.4) confirmed the lack of association between iDD and the
complementary sequences (R3 and rF3). Furthermore, the R3 and rF3 bands exhibited slower
electrophoretic mobility compared to the single stranded controls (D1, D2 and iDD), consistent
with the formation of higher order structures. Based on analogy with previously reported GG-
and GU-rich sequences forming G-quadruplexes,® 8 we suspected that the three “GG” units
(dispersed throughout the 21-nt R3 and rF3 sequences) were responsible for inducing G-
quadruplex formation. As such, we applied a new criteria for designing ps-DNA:RNA duplexes:
>50% G/C base pairs, but avoiding multiple “GG” repeats within the sequence. It is noteworthy
that many other sequence motifs involved in the formation of G-quadruplexes have been
reviewed in databases, and should be discussed prior to the design of a parallel DNA:RNA

duplex.8": 8

5.6  siRNAs targeting renilla luciferase
Our next efforts were directed towards the synthesis of parallel siRNAs targeting Renilla
luciferase mRNA. The reported®® sequence for this target contained 11 G/C base pairs and no

repeating “GG” motifs in either the sense and AS sequences (Table 5.2).
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5.6.1 Design and thermal stability evaluation

A library of parallel and antiparallel siRNAs targeting renilla luciferase mRNA was synthesized
(Table 5.4). This time the duplexes contained “blunt ends” to maximize the number of possible
is0G/isoC base pairs. For comparison purposes, iDD:R4 and R2:R4 regular parallel and
antiparallel siRNA controls were also added to the library. Thermal melting profiles of duplexes
and single strands were evaluated at pH 7.2. Fortunately, none of the single strands showed any
transition indicative of competing higher order structures (Figure 5.5). However, both iDD:R3

and iDD:rF3 parallel duplexes, as well as the rest of antiparallel control duplexes showed clear

Table 5.4 Sequence and melting temperatures of 21-nt parallel and antiparallel SiIRNA duplexes targeting

renilla luciferase mMRNA. Legend: iso-DNA, DNA, RNA, 2'-FRNA.

Code

iDD:R3

iDD:rF3

D1:R3

D1:rF3

D2:R3

D2:rF3

R2:R3

R2:rF3

iDD:R4

R2:R4

Sequence

3-IGAIG iCiGA AIGA iGiGiG iCiGA iIGAA ATT-5'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

3-iGAIG iCiGA AIGA iGiGiG iCiIGA iIGAA ATT-5'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

3-GAG CGA AGA GGG CGA GAA ATT-5'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

3-GAG CGA AGA GGG CGA GAA ATT-5
3'-CUC GCU UCU CCC GCU CUU UAA-5'

5-GAG CGA AGA GGG CGA GAA ATT-3'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

5-GAG CGA AGA GGG CGA GAA ATT-3'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

5-GAG CGA AGA GGG CGA GAA AUU-3
3'-CUC GCU UCU CCC GCU CUU UAA-5'

5-GAG CGA AGA GGG CGA GAA AUU-3'
3'-CUC GCU UCU CCC GCU CUU UAA-5'

3-iGAIG iCiGA AiGA iGiGiG iCiGA iGAA ATT-5'
3-UUC UCG CUU CUC CCG CUC UUU-5'

5-GAG CGA AGA GGG CGA GAA AUU-3

3'-UUC UCG CUU CUC CCG CuUC Uuu-5'
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sigmoidal melting profiles indicative of the desired parallel and antiparallel duplex structures
(Figure 5.6). Duplex formation in both cases was confirmed by PAGE (Figure 5.7). In
agreement with our results from melting profile analysis, parallel (iDD:R3 and iDD:rF3) and
antiparallel duplexes migrated more slowly on the gel relative to the single stranded controls.

Interestingly, both iso-modified parallel duplexes iDD:R3 and iDD:rF3 showed higher melting
temperatures, but lower hyperchromicity, in comparison with D2:R3 and D2:rF3 antiparallel
control duplexes, respectively (Figure 5.6a). Consistent with this, in research published by Seela
and co-workers,3* it was reported that ps-isoG/C base pairs can stabilize ps-DNA:DNA duplexes

significantly more than ps-isoC/G and antiparallel (Watson-Crick) G/C base pairs.

ingl T
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Figure 5.5 UV melting profiles of the single strand samples (left), as well as the parallel controls D1:R3 and
D1:rF3 (right), do not exhibit formation of any secondary structures. The Az was monitored from 5- 95 °C
with a heating rate of 0.5 °C/min.
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Figure 5.6 UV melting profiles (5-95 °C) of siRNA duplexes targeting renilla firefly. Comparison of
melting profiles of parallel with antiparallel duplexes (a), DNA:RNA with DNA:2'-FRNA hybrids (b), and

RNA:RNA with RNA:2'-FRNA hybrids (c).
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Antiparallel duplexes

Parallel duplexes

Single strands

Figure 5.7 Native gel electrophoretic analysis of parallel and antiparallel blunt ended siRNA duplexes
targeting renilla luciferase (details in experimental section). Sequences of these samples are shown in
Table 5.4.

Hence, the higher T value of the ps-iDD:R3 duplex in comparison to the antiparallel DNA:RNA
duplex, likely results from the stability gain by multiple isoG/C base pairs, which are clearly
desirable when stabilizing ps-hybrids. Accordingly, the requirement (rules) were refined as

follows: have >50% G/C content, avoid GG repeats, and maximize isoG/C base pairs.

5.6.2 Circular Dichroism studies

Circular dichroism (CD) is a powerful tool in studying the global structure of nucleic acids, and
particularly elucidating the helical arrangement of double helices.®®% Antiparallel DNA
duplexes present a CD spectrum characteristic of a B-form helix, with a positive band centered
near 275-280 nm, a negative band near 245-250nm, and a crossover signature at around 260nm.
CD spectrum of canonical RNA duplexes exhibit a strong positive band centered at around

260nm and a weak negative band centered at around 240nm, representative of A-form double
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helix. Canonical DNA/RNA duplexes adopt a helical structure that is more sequence-dependent
and generally resembles the A-helical structure.®® 2 % Previous CD studies by our group®® and
others® 57 on 12-bp parallel iso-modified and antiparallel DNA:RNA hybrids suggested they
adopt a right-handed helical structure in both cases. The 12-bp parallel duplexes exhibit positive
and negative peaks (and crossover points) that were red-shifted relative to the antiparallel
duplexes. Also, CD spectra of 12mer parallel duplexes showed an increase in the magnitude of
their positive CD upon raising the temperature, whereas an opposite (hypochromic) effect was
seen for the corresponding antiparallel duplexes.

The CD spectra of 21-mer isoC and isoG modified ps-DNA:RNA and ps-DNA:2"-FRNA hybrids
were investigated for the first time during the course of our study (Figure 5.8). Both parallel
duplexes presented similar CD profiles, which were different from that of typical A- or B-form
helices. Parallel iDD:R3 and iDD:rF3 duplexes presented three positive CD bands at around 275,
250 and 220 nm, as well as two negative bands at around 210 and 305 nm, with CD profiles
resembling the traces of left-handed helical structures (Figure 5.8). An interesting feature in the
CD spectra of our parallel duplexes (iDD:R3 and iDD:rF3) was that the magnitude of the
negative band at 305 nm and the positive band at 250 nm decreased upon raising the
temperature. Antiparallel duplexes D2:R3 and D2:rF3, also, presented a hypochromic effect,
with the magnitude of the positive band at 270 nm and the negative band at 210 nm decreasing
upon raising the temperature (Figure 5.8). The differences in CD profiles of our isoG- and isoC-
modified parallel duplexes with antiparallel DNA:RNA and DNA:2'-FRNA duplexes are not
only due to the change of the strand orientation, but likely also due to the altered spectroscopic

properties of the isoG and isoC modified bases.
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Figure 5.8 (Up) CD spectra of 21-bp parallel
(iDD:R3 and iDD:rF3) and antiparallel (D2:R3 and
D2:rF3) siRNAs targeting renilla. CD Spectra was
collected every 10 degrees from 10-90 °C in buffer
containing 140 mM KCI, 1 mM MgCl,, and 5 mM
Na;HPO4, at pH 7.2 with single strand
concentration of 10 pM + 10 pM. (Left)
Comparison of CD spectra iDD:R3 parallel duplex
vs. D2:R3 antiparallel duplex at 10 °C.

177



5.6.3 'H-NMR analysis of parallel siRNA hybrids

NMR is a valuable tool in studying the structure and dynamics of nucleic acids.®* In our study,
we used *H-NMR to look at the formation of a parallel duplex based on the observation of the
imino signals of the paired bases. The H-NMR imino region of parallel and antiparallel
duplexes, located between 12-14 ppm, is a region with resolved peaks, that is used to investigate
the hybridization of paired bases.® Previous NMR studies by us® and others® showed that
imino proton resonances of parallel DNA duplexes with rwWC base pairing and antiparallel DNA
duplexes fall roughly in the same region. A similar observation was made in our experiments
with the chemical shifts of the imino exchangeable protons in parallel iDD:R3 duplex being
comparable to those observed in antiparallel D2:R3 control duplex (Figure 5.9). This finding
suggests the base pairing pattern in parallel iDD:R3 duplex to be rwC.

IH-NMR experiments were performed by Dr. Carlos Gonzalez at the Instituto de Quimica Fisica
Rocasolano in Madrid. Temperature dependent 1D *H-NMR experiments were performed in a
buffer containing 25 mM sodium phosphate, 100 mM NaCl at pH 7, and spectra were collected
with 10 degrees increments from 5 °C to 45 °C. Upon the duplex melting, imino protons
gradually disappear (Figure 5.9). 'H-NMR experiments also confirmed that other secondary
structures are not formed, since no signals were detected in the spectra region between 11-12
ppm where G-quadruplex protons appear.*®

Full assignment of imino proton peaks, as well as a complete structural determination for this
parallel duplex can be attained by performing high resolution 2D-NMR spectroscopy
experiments, something that can now be pursued given the high stability exhibited of our ps-

duplexes.
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Figure 5.9 Imino region of the 1D *H-NMR spectra of parallel iDD:R3 vs. antiparallel D2:R3 duplexes at
different temperatures. Buffer condition: 25 mM sodium phosphate, 100 mM NaCl at pH 7.

5.6.4 Induction of RNAI activity by parallel siRNA hybrids

To investigate the ability of iso-modified ps-DNA:RNA duplexes, a library comprising the
parallel and antiparallel duplexes, along with the single stranded AS strands were tested for
RNAI activity in HEK293T cells using a renilla dual reporter assay. This assay was performed
by Matije Lucic, in the laboratory of Dr. Jonathan Hall at the Swiss Federal Institute of
Technology Zurich (ETH Zurich). All samples were transfected at 0, 2.25, 10 and 40 nM using

lipofectamine 2000.
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Following the transfection of dual-luciferase reporter plasmid, luminescence was measured and

normalized against the firefly luciferase (details in experimental section). Dose response

diagrams of all the tested samples targeting renilla luciferase are presented in Figure 5.10.
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Figure 5.10 Knockdown of renilla luciferase in HEK293T cells by parallel and antiparallel siRNAs
targeting renilla (a). Unmodified parallel samples, as well as single stranded AS strands were separately
tested against renilla luciferase as negative controls (b). Sequence of samples are available in Table 5.4.
All samples were tested at 0, 2.5, 10, and 40 nM concentrations.
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The native antiparallel classical R2:R4 and to a lesser extent the blunt ended R2:R3 siRNAs
were both able to greatly reduce the renilla mRNA levels in HEK293T cells. While the
antiparallel D2:R3 and D2:rF3 duplexes showed some activity, the parallel iDD:R3, iDD:R4, and
iDD:rF3 duplexes were significantly better in lowering the renilla mRNA levels (Figure 5.10).
However, none of the samples could exceed the activity of the antiparallel R2:R3 and R2:R4
RNA:RNA control siRNAs. Also, none of the unmodified parallel negative controls (D1:R3 and
D1:rF3), as well as the AS single strands (R3 and rF3) could induce gene knockdown, which was
inferred from their inability to form duplexes.

The lower activity observed with the ps-duplexes, in comparison with classical and blunt ended
SiRNA controls, may be attributed, at least in part, to the lower thermal stability of the former
(e.g. ps-iDD:R3 Tm: 65.5 °C vs. ap-R2:R3 Tm: 82.5 °C). This means that at the assay
temperature (37 °C) slightly less parallel duplexes could take part in the gene silencing pathway,
compared to the classical antiparallel siRNAs. More likely, however, local structural changes,
helical conformation and strand orientation play a more significant role. Nevertheless, it is
remarkable that ps-duplexes are able to modulate gene expression and demonstrate that the substrate
specificity of RISC is not too stringent. This assumes, of course, that the ps-duplexes operate via the
RNAI pathway, a hypothesis that was tested (and supported) in the experiments described below.
Next, the activity of the parallel iDD:rF3 duplex with a fully modified 2'F-RNA AS strand was
assessed. Previous studies™ °" have demonstrated that classical antiparallel siRNAs with fully
2'F-RNA modified AS strands function well in RNAI. In line with that, our ps-iDD:rF3 duplex
was also quite active in reducing renilla gene expression; its potency was comparable to that of
the ps-iDD:R3 duplex. Similar to antiparallel siRNAs, non-blunt ended ps-duplexes were slightly
more potent than the corresponding blunt ended ps-duplexes. These results are entirely consistent

with previous reports’® ® suggesting that the 3'-overhangs have a possible contribution to the
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SiIRNA activity. This is specially the case with the 3’-overhang of the guide strand which
interacts with the PAZ domain of AGO2, taking part in the strand selection.%® 1%

Our results support the notion that the same regulations governing the activity of antiparallel
siRNAs are also applicable to the ps-duplexes studied here. Taken together, we concluded that
iso-modified ps-duplexes can be utilized as modified siRNAs with effective gene knockdown

abilities.

5.6.5 Mechanistic investigations: sSiAGO knockdown experiments

To this end, we showed that parallel siRNA duplexes are able to express gene knockdown
activities. To verify if this gene knockdown was happening via RNAIi pathway, a control
experiment was designed through which the effect of AGO2 mRNA knockdown on the potency
of renilla target siRNAs was investigated. An siRNA pool targeting the 3-UTR (siIAGO2) of
AGO2 mRNA was employed to knockdown AGO2 mRNA levels in HEK293T cells.’®* To
confirm AGO2 knockdown, we used western blot analysis to determine the levels of AGO2
following siAGO2 transfection.

To analyze the influence of AGO2 knockdown on the potency of our siRNAs, following the
addition of 50 and 100 nM of siAGO2, R2:R3 and iDD:R3 siRNAs were transfected in
HEK293T cells, and renilla luciferase expression levels were measured. With both parallel and
antiparallel siRNAs, a significant reduction in luciferase expression was observed in cells upon
AGO2 knockdown (SiRNA + siAGO2), compared to the control siRNA (siRNA without
siAGO2). Moreover, higher concentrations of siAGO2 resulted in more reduction in SiRNA
potency. These findings confirm that AGO2 was required for an efficient knockdown of renilla
MRNA by R2:R3 and iDD:R3 siRNAs. It can, therefore, be inferred that parallel siRNAs, like

antiparallel classic siRNAs, employ the RNAi machinery for gene silencing. Partial inhibition of
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Figure 5.11 Renilla luciferase dual reporter assay demonstrating the effect of AGO2 knockdown on the
potency of parallel and antiparallel siRNAs iDD:R3 and R2:R3 against renilla mRNA knockdown.
siCON represents the nontargeting negative control. The experiment is run in duplicates, with statistical
tests for R;R3 and iDD:R3 run separately against “R2:R3 +siCON” and “iDD:R3 +siCON”-treatments
respectively. Error bars represent standard error of the mean (SEM). The potency of both parallel and
antiparallel siRNAs is significantly decreased by siAGO2 combo-treatment, supporting the claim that
antiparallel duplexes are working through canonical RNAI pathway.

renilla luciferase expression was likely due to incomplete knockdown of AGO?2, or the possible
effects of other Argonaute proteins, such as AGO-1, -3, or -4.
More experiments are currently underway to quantitate the AGO2 knockdown efficiency by

western blot and complete these sets of biological assays.
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5.6.6 Can parallel hybridization enhance the therapeutic properties of SIRNAs?

As previously explained (Chapter 1), the immense therapeutic potentials of siRNAs are
hampered by their disadvantages, namely poor nuclease stability, poor cellular uptake, off-target
effects arising from partial complementarities to unintended genes, and nonspecific immune
responses.%? 19 The strategies used so far, to overcome the siRNAs shortcomings, as well as to
enhance their gene silencing properties, have been mainly focused on the use of ribose sugar or
phosphate backbone alternatives in antiparallel siRNAs.2%41% Qur results demonstrated, for the
first time, that parallel hybridization of siRNAs can be utilized as an attractive alternative to
classical modification approaches. Moreover, our study questioned whether such a “global”
modification of the siRNA structure could improve the siRNA properties.

An advantage to our presented siRNAs with parallel strand hybridization is minimized off-target
effects. Since the sense strands in such parallel duplexes are heavily modified, there is less
chance that the sense strand act as the AS strand and target the wrong genes. Even though
parallel sSiRNAs were recognized and were functional with the RNAi machinery proteins, we
expect that the interactions of parallel sSiIRNAs with other intercalating molecules and proteins be
affected. Different helical structure of rWC parallel duplexes, compared to WC antiparallel
duplexes also causes the major and minor grooves to differ in size and nature. Antiparallel
duplexes, as previously described, have major and minor grooves that differ in polarity,
hydrogen bonding, steric effects, and hydration. Based on these differences, various proteins and
small molecules recognize and bind specifically either to the minor or the major groove. Since
rWC parallel duplexes have grooves of equal size,® the nature of molecular recognition by
intercalating molecules and proteins, such as nucleases is expected to be different.>® This theory

is supported by previous findings, demonstrating that parallel DNA duplexes are more resistant
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against certain nucleases and restriction endonucleases, compared to antiparallel DNA
duplexes.? It is, therefore, very plausible that the parallel DNA:RNA siRNAs studied here can
also have lowered nuclease recognition and therefore, benefit from improved nuclease stability.

Based on the same argument, we can assume that the structural differences of parallel siRNAs
might modulate their interactions with off-target proteins. An example of such proteins is the
RNA-dependent protein kinase (PKR), which is a cellular double stranded RNA binding protein
that participates in sequence-independent binding to siRNAs and off-target effects.'%” 1% As this
protein can only interacts with siRNAs through their minor groove, it is likely that parallel
duplexes with grooves of equal size cannot be recognized as PKR substrates, and hence, have
reduced off-target effects, while they are still substrates to RNAI machinery. Further
investigations need to be conducted to evaluate these hypotheses regarding the interactions of

parallel siRNA duplexes with proteins of biological interest.

5.7  Conclusion and future works

In conclusion, we presented here a step by step strategy to successfully design and synthesize
chemically modified parallel hybrids. We also demonstrated that these parallel hybrids could act
as potent siRNAs, and provided evidence for their RNAI mechanism of action via AGO2
knockdown experiments.

Our attempts to synthesize parallel siRNAs targeting P53, CCNDL1, and renilla luciferase led us
to a set of strategies for the successful design of parallel sSiRNA hybrids, namely: (i) Choosing
sequences with high GC content (50% or more); (ii) Avoiding sequences with motifs favouring
unwanted secondary structures (e.g. “GG” repeats, favouring G-quadruplexes); (ii) Benefiting
from extra duplex stability gain through using blunt ended siRNAs; (iv) Choosing sequences

with higher G content in the sense strand, rather than C; and (v) Benefiting from duplex stability
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gain via incorporating 2’-FRNA in the AS strand. Structures of selected parallel and antiparallel
SiRNA duplexes targeting Renilla were thoroughly investigated for the first time, using UV
thermal denaturation, CD, gel electrophoresis, and 1D *H-NMR.

The results obtained from gene silencing assays against the expression of renilla luciferase
MRNA indicated that a parallel SiRNA is capable of RNA activation and eliciting gene silencing
activity. These results, as well as the results obtained from AGO2 knockdown experiment
provides evidence that the helical conformation of the si-duplex and its groove dimensions are
not critical determinants in activation of RNAI. Therefore, duplexes that do not closely resemble
the A-form standard siRNAs can still be recognized by RNAi machinery.

Our findings bring light to novel opportunities in designing a new class of potent chemically

modified parallel siRNAs at physiological conditions with improved drug-like properties.
5.8  Experimental methods

5.8.1 Oligonucleotide synthesis and purification and siRNA preparation

Isoguanosine and isocytidine phosphoramidites (deoxy ribose) were purchased from
ChemeGenes Inc. (Wilmington, MA). The oligonucleotide synthesis was performed on an
Applied Biosystems 3400 DNA Synthesizer at a 1-umol scale using Unylink CPG support
(ChemeGenes, Wilmington, MA).1% Iso-phosphoramidites were prepared as 0.15M solutions in
acetonitrile (ACN). 5-ethylthiotetrazole (0.25M in ACN) was used to activate phosphoramidites
for coupling. For detritylation 3% dichloroacetic acid (DCA) in toluene was used. Oxidation was
done using 0.1M 1, in 1:2:10 pyridine: water: THF. Coupling times were 600 seconds for
deoxyisocytidine phosphoramidites (isoC) and 900 seconds for the deoxyisoguanosine
phosphoramidites (isoG). The removal of CPG support, base protecting groups and the

cyanoethyl protecting groups occurred with ammonium hydroxide (1mL) added to the CPG

186



containing bound oligo and the tightly sealed solution was shaken at 25 °C for 72 hours (for
renilla library). The duration of this deprotection step was proportional to the number of isoC and
isoG modifications in the strand, and was determined by following the reaction with IE-HPLC
(conditions below). All iso-modified oligonucleotides were purified using polyacrylamide gel
electrophoresis (PAGE).

Standard phosphoramidite solid-phase synthesis conditions were used for the synthesis of all
DNA, RNA, and 2'-FRNA oligonucleotides.''® Syntheses were performed on an Applied
Biosystems 3400 DNA Synthesizer at a 1 pmole scale using Unylinker CPG support
(ChemGenes). All phosphoramidites, were prepared as 0.15 M solutions in acetonitrile (ACN),
except DNA, which was prepared as 0.1 M. ETT (0.25 M in ACN) was used to activate
phosphoramidites for coupling. Detritylations were performed using 3% TCA in CH2Cl; for 110
seconds. Failure sequences were capped using acetic anhydride in THF and 16% N-
methylimidazole in THF. A 0.1 M solution of Iz in 1:2:10 pyridine: water: THF was used for
oxidation. Coupling times were 600 sec for all RNA and 2'-FRNA phosphoramidites, except for
their guanosine phosphoramidites which had 900 seconds of coupling time. Deprotection and
cleavage from the solid support for 2’'-FRNA was accomplished with 3:1 NH4sOH: EtOH for 48
hours at room temperature, and with 40% methylamine for 10 minutes at 65° C for unmodified
DNA and RNA samples.*'! Oligonucleotides containing RNA were synthesized with standard 2'-
TBDMS phosphoramidites, and were desylilated with triethylamine trihydrofluoride/N-methyl
pyrrolidone/triethylamine (1.5:0.75:1 by volume) for 2.5 hours at 65 °C 111112

Purification of crude oligonucleotides was done by HPLC using an anion exchange column
(Protein PAK DEAE 5PW 21.5 mm x 15 cm). The buffer system consisted of water (solution A)

and 1 M lithium perchlorate solution in water (solution B), at a flow rate of 4 mL/min. The
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Table 5.5 MS characterization of oligonucleotide used in constructing the siRNAs targeting Renilla
luciferase. Legend: iso-DNA, DNA, RNA, 2’-FRNA.

Sam Sequence Exact Mass Exact Mass

ple Name (Calc) (Exp)
iDD 3-IGAIG iCiGA AIGA iGIGIG ICIGA iIGAA ATT-5' 6590.1692 6589.9375
D1 3-GAG CGA AGA GGG CGA GAA ATT-5' 6590.1692 6590.2188
D2 5-GAG CGA AGA GGG CGA GAA ATT-3' 6590.1692 6590.2188
R2 5'-GAG CGA AGA GGG CGA GAA AUU-3' 6898.0232 6898.0000
R3 3'-CUC GCU UCU CCC GCU CUU UAA-5' 6479.8132 6479.5938
R4 3'-UUC UCG CUU CUC CCG CuC Uuu-5' 6344.7572 6344.5862
'3 3'-CUC GCU UCU CCC GCU CUU UAA-5' 6521.8618 6521.5938

gradient was 0—40% B over 40 min at 60 °C. Under these conditions, the desired peaks eluted at
20—30 minutes. The collected samples were then lyophilized to dryness and were desalted with
Nap-25 Sephadex columns from GE Healthcare. Sequences were verified by high resolution
ESI-LCMS. Corresponding masses for all oligonucleotides from renilla library are listed in
Table 5.5. All siRNAs were prepared by annealing equimolar quantities of complementary
oligonucleotides in siRNA buffer (100 mM KOAc, 30 mM HEPES-KOH, 2 mM Mg(OAc)2, pH
7.4) by slowly cooling from 96 °C to room temperature, and then keeping them at 4 °C

overnight.

5.8.2 Thermal denaturation experiments and circular dichroism studies
Complementary sequences from siRNA libraries (1.5 nmol) were combined, dried, and rediluted
in 1 mL of Tm buffer containing 140 mM KCI, 1 mM MgCl, and 5 mM NaxHPO4 (pH 7.2).

Samples were then transferred into UV cuvettes in a Varian Cary 300 UV spectrophotometer and
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heated up to 90 °C. They were cooled down to 5 °C (ramped at 0.5 °C/min), followed by heating
up from 5 °C to 95 °C. The change in their absorbance at 260 nm was monitored upon cooling
and heating steps. Melting temperatures were determined using the heating ramp and via baseline
method, as implemented in the Cary software. Tm curves are shown in Figure 5.5 and Figure
5.6.

CD spectra were obtained on a JASCO J-810 circular dichroism spectrometer equipped with a
Peltier temperature controller at the Biochemistry Department at McGill. Samples were annealed
at a final concentration of 15 nM prior to the experiment in the same buffer as for the thermal
denaturation studies. Spectra were recorded in triplet from 10-90 °C (ramped at 0.5 °C/min)
under constant flow of nitrogen gas, and was baseline-corrected with respect to a blank
containing the buffer only. Smoothing and adjustment for duplex concentration were performed

using the Spectra-Manager program (Jasco). CD spectra are shown in Figure 5.8.

5.8.3 Characterization of parallel and antiparallel siRNA duplex formation by native gel
electrophoresis

Formation of parallel and antiparallel siRNAs was investigated through acrylamide gel
electrophoresis of duplexes and single strands under native conditions. Samples were prepared to
contain 8 pL of 1 uM oligonucleotides in siRNA buffer (100 mM KOAc, 30 mM HEPES-KOH,
2 mM Mg(OAC)2, pH 7.4) and were mixed with 2 pL of glycerol. Samples were then loaded onto
20% (wi/v) acrylamide running gel prepared in a Tris-acetate-EDTA buffer (TAE buffer: 40 mM
Tris-acetate, 1 mM EDTA, pH 8.0). Gel was then immersed in TAE buffer and electrophoresed
at constant voltage of 60V for 15 minutes, followed by 3 hours at 250V at 10 °C.

Oligonucleotides were revealed following manufacture’s protocol for SYBR Gold nucleic acid
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gel stain (Invitrogen, Carlsbad, CA) and fluorescence was recorded on a ChemiDoc XRS (Bio-

Rad, Gladesville NSW) (see Figure 5.3, Figure 5.4, and Figure 5.7).

5.8.4 Characterization of parallel and antiparallel duplex formation by 1D 'H-NMR
experiment

Selected parallel and antiparallel duplexes (40 uM samples) were suspended in 300 pL of
H>0/D-0 9:1 in sodium buffer, 250 mM Na2HPO4, 1 M NaCl and 1 mM EDTA (pH 7). NMR
spectra were acquired in a Bruker Avance spectrometers operating at 700 MHz and processed

with Topspin software (Figure 5.9).

5.8.5 Renilla luciferase siRNA assay
Cell culture: HEK293T cells (ATCC, #CRL-3216) were maintained in Dulbecco’s Modified
Eagle’s medium (Gibco, 31966021) supplemented with 10% FBS (Gibco, #10270106) and kept

at 37 °C in a 5% CO3 incubator.

SiRNA transfection: siRNAs targeting renilla (listed in Table 5.4) were transfected at 0, 2.25, 10
and 40 nM concentrations using Lipofectamine 2000 (Invitrogen, #11668027) according to the
manufacturer’s instructions. siCON (Table 5.6) was used as negative control.

Luciferase reporter plasmid cloning and transfection: PsiCHECK-2 dual-luciferase reporter

Table 5.6 Sequences of the non-targeting negative control (SiCON) and the siRNA pool used for AGO2
knockdown experiment.

Name Sequence (5'-3")

GUGUGUGUUGUUUAUGCACTT (as)
siCON GUGNNUAANNAACNCANACTT (s)

CAGACUCCCGUGUGUCCUATT (as)
UAGGACACACGGGAGUCUGTT (s)
SIAGO2 (siRNA pool) CGGACAAUCAGACCUCCACTT(as)
GUGGAGGUCUGAUUGUCCGTT(s)
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Table 5.7 Target sites for siRenilla. Three fully complementary target sites for renilla are underlined.
Restriction sites are marked in red.

Sequence (5’-3")

CTCGAGCCCTGATCAAGAGCGAAGAGGGCGAGAAATTGGTGCTTGAGCCCTGATCAAGAGCGAAGAG
GGCGAGAAATTGGTGCTTGAGCCCTGATCAAGAGCGAAGAGGGCGAGAAATTGGTGCTTGAGGCGGC
CGC

plasmid (Promega, #C8021) was digested with Notl and Xhol and the insert bearing three fully-
complementary target sites for siRenilla (Table 5.7) was cloned in the 3’-untranslated region (3'-
UTR) of the Renilla gene. The plasmid was confirmed by sequencing and transfected at 20
ng/well using jetPEI (Polyplus, #101-10) according to the manufacturer’s instructions.

Renilla luciferase assay: HEK293T cells were seeded in white 96-well plates at 10’000 viable
cells/well and siRNAs were transfected after ca. 12-16 h, whereas the reporter plasmid ca. 24 h
post-seeding. 48 h later, supernatants were removed and luminescence was measured on a
microtiter plate reader (Mithras LB940, Berthold Technologies) using the Dual-Glo Luciferase
Assay System (Promega, #E2940) according to the manufacturer’s instructions. Values were
normalized against firefly luminescence and the corresponding mock control whose relative
luciferase activity was set to 100%. The experiment was repeated in three biological replicates.
Statistical analysis: Statistical analysis was performed with GraphPad Prism. An independent
student’s t test was used to compare the statistical significance of two groups, whereas two-way

ANOVA was applied to compare more than two groups.

AGO2 knockdown experiment: siAGO2 siRNA pool was transfected at 50 and 100 nM using
Lipofectamine 2000 (Invitrogen, #11668027) according to the manufacturer’s instructions in

HEK293T cells. Following the siAGO2 transfection, siRNAs targeting renilla were transfected
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and renilla assay was conducted according to the instructions above. The experiment was

repeated in two biological replicates.
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CHAPTER 6: CONTRIBUTIONS TO KNOWLEDGE AND FUTURE WORKS
6.1  Summary of research and future directions

6.1.1 Stereoselective synthesis of oxepane nucleoside analogs and studies on their
conformation

This work describes the synthesis of a novel series of seven-membered ring nucleoside
(oxepane) analogs as candidates for biological screening and gene silencing applications. The
conformational landscape and preferred ring-puckering of selected oxepane nucleosides were
investigated by means of NMR, X-ray crystallography, and quantum mechanical calculations.
These nucleoside analogs are valuable compounds for both antiviral and anticancer applications.
Also, our results build the grounds for designing novel sugar-expanded oligonucleotides for gene
silencing purposes.

The ongoing research in our lab focuses on optimizing the synthesis of the obtained nucleoside
library, as well as other oxepane analogs, in larger quantities for incorporation into
oligonucleotides. Molecular modeling experiments can shed light on the duplex structure of the
incorporated oxepane analogs, within DNA and RNA duplexes. Also, oxepane nucleoside
triphosphates can be synthesized for further screening of these analogs as anticancer and antiviral

agents, and as precursors of xenonucleic acids.! 2

6.1.2 2'-5" modification of siRNA creates potent sSiRNAs with enhanced drug-like abilities

During the course of this work, we investigated the effect of 2'-5' linkage modification on siRNA
efficiency. siRNA libraries targeting firefly luciferase and P53 mRNAs were prepared with
different positional variations of 2'-5' linkages throughout the sense or antisense strands of the

duplexes. Screening of these libraries against their corresponding mRNA target revealed that 2'-
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5' linkages are tolerated in the sense strand and, to some extent, the antisense strand of siRNAs.
2'-5' Linked siRNAs were also found to abrogate the immunostimulatory response in comparison
with their native siRNAs. In conclusion, we demonstrated, for the first time, that introduction of
2'-5' linkages can afford a potent class of modified siRNAs with improved nuclease stability and
diminished immunostimulatory response.

Future directions for this project can involve more detailed structural investigations to further
elucidate the degree which an siRNA duplex is destabilized by 2'-5' linkages, considering factors
such as the sequence and arrangement of the linkage modifications. X-ray crystallography is a
powerful tool that can help study the siRNAs structure upon linkage modification, both in the
form of duplex, as well as once bound to AGO2. Such studies can provide evidence on why
siRNAs with alternating 2'-5' linkages exhibit higher potencies in comparison with the siRNAs

with consecutive 2'-5' linkages.

6.1.3 Protein interactions and structural investigations of 2’-5’ modified siRNAs

Following our previous findings with 2'-5' modified siRNAs, we studied the interactions of such
siRNAs with the proteins involved in the RNAI pathway. Interactions of 2'-5' linked siRNAs
with the kinase and hAGO2 proteins were investigated by radiolabelling and gel shift assays.
Our experiments revealed that extensive 2'-5' modification of the antisense strand was only
minimally affecting the siRNA phosphorylation by kinases, but was detrimental to its hAGO2
loading. We also performed extensive structural studies on 2'-5' linked siRNAs in the active site
of hAGO2, using molecular modelling and MD simulations. Our results indicate 2'-5' linkages do
not significantly affect hAGO2-siRNA interactions, except when a large number of these
linkages are introduced; in this case, destabilization arises from the structural changes in the

RNA duplex induced by the linkage modification. Our study contributes to the ongoing research
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on the origin of life, proving that 2'-5'/3'-5' backbone heterogeneity could, to some extent, be
compatible with RNA structure and its interaction with some proteins. While interactions of
polymerases with 2’-5' has been investigated, our work is the first to demonstrate that 2'-5' liked
siRNAs can retain molecular recognition and catalytic properties with regard to proteins
involved in gene regulation.

During the evaluation of this thesis, more experiments were performed to investigate the binding
affinity of 2'-5' modified siRNAs to hAGO2 using immunoprecipitation techniques.> These
experiments further confirmed that extensive 2'-5' modification in the AS strand reduce the siRNA
loading in AGO2, as well as decrease the preference of AGO2 for selecting the modified strand

as the AS strand (Figure 6.1).
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Luc 49 sense (AS) 3 GGCGAAC UUCAGAA AUUAAUU (P) using immunoprecipitation on Hela cells extract.
Luc 64 anti !(Sl ®GCUUGAAGUCUUUAAUUMUU;" SiRNAs (left) were radiolabelled either on their
AS) 3’- GGCGAAC UUCAGAA AUUAAUU - - - -
— ) D) GCUUGAA GUCUUUA AUUARUL -3 sense or antisense strands and their loading into
tebisense (AS)  3-GGCGAAC UUCAGAA Auuaauu (P) hAGO2 was separately assessed (top). SiRNA
Luc anti i(s' | (P) GCUUGAA GUCUUUA AUUMUU-;" linkage modification in the AS strand was found to
AS 3'- GGCGAAC UUCAGAA AUUAAUU - - .
) b GCUUGAA GUCUUUA AUUAAUU -3 reduce the siRNA loading (sense + AS) in hAGO?2.
Luc sense (AS)  3'-GGCGAAC UUCAGAA AUUAAUU(P)
Legend: 2°,5" modifications, RNA
P Hot phosphate group ® Cold phosphate group
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6.1.4 Synthesis and properties of SIRNA mixmers

We introduced, for the first time, the “mixmer” strategy as a novel approach in preparing active
mixtures of chemically modified siRNAs. siRNA libraries targeting firefly luciferase and P53
MRNAs were prepared with 2'-5' linkages and various 2'-5'/3'-5" (mixmer) modification patterns
present in the sense or antisense (AS) strands. These libraries were screened against their
corresponding mRNA target, showing that sSiRNAs with 2'-5' or 2'-5'/3'-5' mixmer modifications
in the sense strand are as potent as 3'-5' siRNAs. While 2'-5' modification in the antisense strand
was found to be detrimental to the siRNA activity, the siRNA activity was restored by
introducing a 2'-5'/3'-5' mixmer stretch in the same region. These results are in line with previous
findings suggesting that mixed 2'-5/3'-5' linkages in nucleic acids could be an important
alternative functional backbone during early evolution.

Future directions for this project can focus on expanding the mixmer strategy from 2'-5'/ 3'-5’ to
other X/Y modification combinations. Our results, as discussed briefly in chapter 4, suggest that
SiRNA mixmers prepared from different modifications can enhance RNAI activity to various
degrees. Detailed structural investigations, utilizing techniques such as X-ray crystallography or
NMR, can help elucidate why some modifications are more compatible with each other to yield

active siRNA:s.

6.1.5 Synthesis, characterization, and biological investigations of parallel duplexes as
triggers of RNA interference

We have investigated the impact of several sugar and nucleobase modifications on the formation
of parallel-stranded duplexes at neutral pH. Our study focused on the synthesis and full structural
analysis of isoC- and isoG- modified parallel stranded DNA:RNA and DNA:2'-FRNA hybrids as

active siRNAs under physiological conditions. This study also revealed the benefits and
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challenges to the design of parallel stranded siRNAs and explained the underlying rules to a
successful parallel stranded siRNA design and synthesis. Further mechanistic investigations
through AGO2 knockdown experiments confirmed that gene silencing by these parallel sSiRNAs
is, indeed, happening via RNAiI mechanism. Our findings suggest that helical conformation and
groove dimensions of parallel stranded duplexes are not critical determinants in activation of
RNAI, thus offering new opportunities in designing a new class of potent chemically modified
siRNAs at physiological conditions.

Our results for this project open many opportunities to future work. Our fundamental interest would
be to elucidate the structure of the synthesized parallel sSiRNAs using X-ray crystallography or NMR
studies. Immunostimulation studies on parallel siRNAs can support our hypothesis that their different
helical structure can render them unrecognized by the immune system machinery. Off-target effect
studies are important experiments that are required to demonstrate that our specific parallel sSiRNA
design with DNA sense strand can prevent the off-targets caused by wrongly choosing the sense
strand for AS by AGO2. These can also be verified by AGO2 pull down loading assays showing the
AGO2’s preference for the sense and AS strands, as well the general AGO2 loading ability of
parallel siRNAs. Finally, it would be of great interest to investigate whether our parallel DNA:RNA
hybrids can trigger RNase H dependent mRNA degradation. This assay, will suggest if the reduced
activity of parallel siRNAs is due to their partial degradation by RNase H enzyme, or is a result of

their inherent lower activity.
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e K. Yamada, A. S. Wahba, J. Bernatchez, T. llina, S. Martinez-Montero, M. Habibian, M.
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Damha, and K. T. Gagnon, "Chemical Substitution of CRISPR RNA Nucleotides for
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6.2.3 Manuscripts in preparation
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C. Gonzales, and M. J. Damha "Structural Properties and Gene Silencing Activity of Parallel-

Stranded Duplexes".
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Pradeepkumar, J. Pelletier, Mayumi Takahashi, John Rossi, and M. J. Damha, Oral
presentation at the 12" Annual Meeting of the Oligonucleotide Therapeutics Society (OTS)

September 2016, Montreal.

“Effect of 2'-5' phosphodiester linkage modification on RNA interference efficiency”, M.
Habibian, J. Fakhoury, R. Cencic, K. T. Gagnon, S. Harikrishna, F. Robert, P.I.
Pradeepkumar, J. Pelletier, Mayumi Takahashi, John Rossi, and M. J. Damha, Poster
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