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Abstract

The reverse transcriptase (RT) of the human immunodeficiency virus (HIV) has
both polymerase and ribonuclease H (RNase H) activity, and is a key enzyme in the
HIV life cycle as it converts the viral RNA genome into double-stranded DNA. A
series of studies built around the theme of chemically modified nucleic acids are
described in order to: (1) better understand the biochemical processes of reverse
transcription in HIV-1, (2) synthesize antiretroviral agents directed to novel targets on
HIV-1 (RT), and (3) develop screening methods incorporating fluorescent nucleobase
analogues to uncover new drug candidates.

We demonstrated how chemically modified nucleic acid hairpins inhibited the
RNase H activity of HIV-1 RT. For example, substituting natural RNA for 2'-deoxy-
2'-fluoro-ribonucleotides, 2'-deoxy-2'-fluoro-arabinonucleotides, locked nucleic acids
or conjugation of cholesterol at the 5'-terminus modulated the potency of hairpins for
RNase H activity. Biochemical methods indicated that the substrate for HIV-1 RT, a
short primer-long template, may be bound at the polymerase domain with its
trajectory diverted away from the RNase H domain by the presence of the synthetic
hairpins. Furthermore, the binding of hairpins to HIV-1 RT had no adverse affects on
the potency of chain terminators such as 3'-azido-3'-deoxythymidine (AZT), a widely
used antiviral agent. This discovery supports a model where the RNase H activity can
be an antiretroviral target independent of the rest of RT.

We synthesized 6-phenylpyrroloribocytidine (PhpC), a novel fluorescent cytidine
analogue incorporated into RNA. The PhpC-containing RNA formed native-like
duplex structures with complementary strands and fluorometrically reported upon
binding to complementary RNA and DNA strands. PhpC was shown to rank among
the brightest fluorescent cytidine analogues based on quantum yields. RNA
containing PhpC was cleaved by HIV-1 RT RNase H with a 14-fold increase in
fluorescence intensity. In contrast to the same fluorescein/DABCYL containing
oligonucleotides used in older RNase H assays to screen for inhibitors, PhpC
containing RNA did not disrupt catalytic activity of the enzyme. Furthermore, the
PhpC RNase H assay was implemented on 96-well microplate format, the first

example among fluorescent nucleobase analogues.



Small interfering RNAs (siRNAs) containing PhpC were synthesized and shown to
possess enhanced thermal stability and good gene-silencing activity. Due to their
emissive properties, the biodistribution of PhpC-containing SiRNAs could be
monitored by fluorescence microscopy and were shown to accumulate in the
cytoplasm in HeLa cells.

We synthesized a series of oligonucleotide primers with 3'-terminated nucleosides
of varying sugar conformations. This was accomplished on solid supports using a
methodology that avoids the direct coupling of phosphoramidite building blocks. The
synthesis of an analogous AZT 3'-terminated primer was accomplished using AZT 5'-
H-phosphonate with greater ease, speed and yield compared to traditional enzymatic
approaches. We tested the primers as substrates for RT-catalyzed nucleotide excision,
the phenotypic mechanism of drug resistance in HIV strains carrying thymidine
analogue mutations (TAMs). We determined that in general RNA-like sugar
conformations are poorly excised by HIV-1 RT, while DNA-like sugar conformations
are quickly excised. Fluorescence-based nucleotide excision assays incorporating the
emissive nucleobase analogues PhpC and 2-AP were explored. The rate of nucleotide
excision could be monitored in 96-well microplate format for the PhpC-containing

assay only.
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Abrége

La transcriptase inverse (RT) du virus de I'immunodéficience humaine de type 1
(VIH-1) posséde deux activités: polymérase et ribonucléase H (RNase H), en faisant
I'enzyme clé pour le cycle de vie du VIH puisqu'elle convertit I'ARN viral génome en
ADN a double brins. Des études portant sur des acides nucléiques modifiés
chimiquement sont ici décris afin de: (1) mieux comprendre les procedés
biochimiques sous-tendant la transcription inverse du virus d’immunodéficience
humaine de type 1 (VIH-1), (2) synthétiser des agents antirétroviraux dirigés contre
de nouvelles cibles de la transcriptase inverse (RT) du VIH-1, et (3) développer des
méthodes de criblage incorporant des analogues de nucléobase fluorescente afin de
découvrir de nouveaux candidats thérapeutiques.

Nous avons ainsi démontré comment de petits acides nucléiques modifiés
(épingles) inhibent 1’activité ribonucléase (RNase H) de la RT VIH-1. Par exemple, la
substitution de I’ARN naturel par des 2'-fluoro-2'-désoxyribonucléotides, 2'-fluoro-2'-
désoxyarabinonucléotides, acides nucléiques verrouillés ou la conjugaison du
cholestérol a I’extrémité 5', ont modulé la puissance de 1’épingle face a 1’activité de la
RNase H. Des méthodes biochimiques ont démontré que le substrat de la RT VIH-1,
un double brin de ADN amorceur-gabarit, peut étre lié au domaine polymérase
lorsque sa trajectoire est déviée du domaine RNase H par la présence d’épingles. De
surcroit, la liaison des épingles a la RT VIH-1 n’a eu aucun effet négatif sur la
puissance de terminateurs de chaine tels que le 3'-azido-3'-désoxythymidine (AZT),
un agent antirétroviral largement utilisé. Cette découverte supporte le modéle selon
lequel I’activité de RNase H représente une cible antirétrovirale indépendante du reste
de laRT.

Nous avons synthétisé la 6-phénylpyrroloribocytidine (PhpC), un nouvel analogue
fluorescent de la cytidine incorporé dans I’ARN. Cet ARN contenant de la PhpC a
formé des structures ressemblant a des brins doubles natifs ayant des branches
complémentaires et est reconnu par fluorométrie apres liaison a une branche d’ARN
ou d’ADN complémentaire. Se basant sur son rendement quantique, la PhpC se révéla
un des analogues fluorescents de la cytidine les plus lumineux. Mais encore, I’ARN

contenant de la PhpC fat coupé par la RNase H de la RT VIH-1, augmentant quatorze
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fois D’intensité de la fluorescence. Contrairement aux mémes oligonucléotides
contenant de la fluorescéine/DABCYL utilisés dans d’anciennes expériences de
criblage d’inhibiteurs, I’ARN contenant de la PhpC n’a pas rompu [activité
catalytique de I’enzyme. De plus, 1’expérience PhpC-RNase H a pu étre appliquée sur
un format de microplaque de 96 puits, le premier exemple d’une telle application
parmi les analogues fluorescents de nucléobase.

De petits ARNs interférents (siRNAs) contenant de la PhpC furent synthétisés et
démontrérent une stabilité thermale améliorée et une bonne activité d’extinction de
génes. A cause de leurs propriétés émissives, la biodistribution des siRNAs contenant
de la PhpC a pu étre suivie par microscopie a fluorescence, illustrant une
accumulation dans le cytoplasme des cellules HeLa.

Nous avons aussi synthétisé une série d’amorces d’oligonucléotides ayant un
nucléoside terminé en 3' avec des conformations variées de sucre. Ceci fit accompli
grace a ’utilisation d’une méthodologie divergente de phosphitylation/couplage sur
colonne qui évite la synthése de composants individuels de phosphoramidite. Ainsi, la
synthése d’un analogue d’amorce de I’AZT terminé en 3' fut réalisée en employant un
AZT 5'-H-phosphonate avec une plus grande facilité, rapidité et un meilleur
rendement comparé aux approches traditionnelles enzymatiques. Nous avons testés
ces amorces en tant que substrats pour 1’excision d’un nucléotide dirigée par la RT, le
mécanisme phénotypique de la résistance aux médicaments dans les souches de VIH
portant des mutations sur les analogues de thymidine (TAMS). Nous avons également
déterminé qu’en général, les conformations de sucre ressemblant & I’ARN sont
pauvrement excisées par la RT VIH-1, tandis que celle ressemblant a I’ADN sont
rapidement excisées. Des expériences mesurant 1’excision de nucléotides fluorescents
incorporant les analogues de nucléobase PhpC et 2-AP ont été explorées. Le rythme
de I’excision des nucléotides a pu étre suivi seulement dans les plaques de 96 puits

contenant de la PhpC.
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Chapter 1.  Introduction

Nucleic acids play central roles in cellular processes.! The study of their chemical
structure is thus important to understanding their function in biology and furthering
their development as tools for medicine, diagnostics, forensics or materials sciences.
This thesis describes a series of studies built around the theme of chemically modified
nucleic acids and their biological effects. Two unifying themes run throughout all of
the experiments in this thesis. The first is the theme of progress toward nucleotide and
oligonucleotide-based therapeutics, specifically, inhibitors of the reverse transcriptase
(RT) enzyme of the human immunodeficiency virus (HIV),?® the causative agent of
the acquired immunodeficiency syndrome (AIDS). The second is the development of

new fluorescence-based tools for studying nucleic acids and cellular processes.

1.1 Nucleic Acid Structure and Function?

1.1.1 The discovery of the DNA double helix

As advances in biology and medicine benefit from chemistry, they are often the
source of motivation for much work done in the physical sciences. In 1944, Oswald
Avery identified deoxyribonucleic acids (DNA) as the material responsible for
hereditary characters* and inspired investigators to elucidate its structure. In 1953
Francis Crick and James Watson answered this call, and they published their model
for the double helix structure of DNA.®> Based on X-ray crystallographic data from
Maurice  Wilkins®, Rosalind Franklin’ and experimental results from other
researchers, they refined their hypothesis by simply using cardboard and metal
molecular models. The implications of their discovery for chemistry are perhaps
overshadowed by their impact on biology as it “suggests a possible copying
mechanism for the genetic material”’. This model for the replication of DNA, the
substance of genes,? brought nucleic acids into the spotlight of biology and ultimately
revolutionized our understanding of life. Table 1.1 illustrates key discoveries, in
chronological order, that led to Watson and Crick’s DNA double helix model,

contributions from biologists and chemists alike.



Table 1.1. Chronology of key discoveries that led to the elucidation to the structure of
the DNA double helix.

1868 Friedrich Miescher isolated cell nuclei and named the material nuclein.
He later observed that it was very acidic.!

1889 Richard Altman isolated the first protein-free nuclein and referred to
the material as nucleic acids.!

1900- Pheobus Levene studied the structure of nucleic acids and their

30’s monomers. His many contributions included coining the term

nucleotide, describing the 2'-deoxy-D-ribose sugar, the nucleobases
and the phosphodiester linkage.’

1923 Frederick Griffiths discovered a “transforming principle” that
transferred hereditary traits among bacteria.™

1944 Oswald Avery discovered that Griffith’s transforming principle was
DNA.*

1947 Based on titration studies, John Gulland predicted hydrogen bonds
between bases and that the phosphate groups are accessible to solvent
but not the amine groups.™*

1947 Astbury looked at the first X-rays of DNA, obtained by Einar
Hamerstein, and observed a 3.4 A repeat along the fiber axis, like a
ladder with steps.™

1949 Erwin Chargaff observed that the amount of adenine is equal to the
amount of thymine, and the amount of guanine is equal to the amount
of cytosine. This formed the groundwork for elucidating base-
pairing."®

1953 Rosalind Franklin obtained very clean X-ray crystals of DNA that
suggested the structure contains two fibers.” She also observed that
DNA has two forms, a shorter A-form and a more elongated B-form
under greater humidity.**

1953 James Watson and Francis Crick presented their molecular model for
the structure of DNA.> They later provided more detail on the copying
mechanism of genetic material.® Along with Maurice Wilkins, who
provided X-ray crystallography data describing the helix geometry,®
they obtained the 1962 Nobel Prize in Medicine. Unfortunately,
Rosalind Franklin had died by this time, but her contributions were
unquestionably deserving of the prize.



1.1.2 Nucleic acid structure®®

Nucleic acids are biopolymers that can reach several million units long. Each
monomer unit is called a nucleotide, and includes three components: a pentose sugar,
a phosphate group and a nitrogen-containing basic heterocycle (nucleobase). The
structure and numbering scheme for nucleotides is depicted in Figure 1.1.1.
Monomers without the phosphate group are called nucleosides. There are four
possible nucleobases: adenine, guanine, cytosine and either thymine or uracil in DNA
and RNA respectively. The nucleobases are attached to the anomeric carbon (C-1") of
the sugar by a p linkage at the N-1 nitrogen for pyrimidines or N-9 nitrogen for

purines.

3 components of a nucleotide NH,
| V4 nucleobase
phosphate - < ) (variable)

OH X
\ J

D-pentose sugar

ribose (RNA), X = OH

2'-deoxyribose (DNA), X=H
Common nucleobases in DNA and RNA

Purines Pyrimidines

(o}
7N
5 4
NH
o ’
9 2
N N o
Adenine Guanine Cytosine Thymine Uracil

Figure 1.1.1 Structure and numbering of nucleotide sugar and the five common
natural nucleobases. The phosphate is attached at the 5' carbon of the pentose, and
the nucleobase is attached at the 1' carbon via a 3 linkage. The nucleotide depicted
is adenosine 5'-monophosphate (AMP) if the sugar is D-ribose (X=0OH) or 2'-
deoxyadenosine 5'-monophosphate (dJAMP) if the sugar is D-2-deoxyribose (X=H).



Nucleotides are linked together into linear nucleic acid polymers by
phosphodiester linkages between the 3" and 5' oxygens of the pentose sugars (Figure
1.1.2). The sequence of nucleotides in DNA and RNA, referred to as the primary
structure, is designated from the 5' to 3' end. DNA and RNA are the carriers of
genetic information, and the variability in the sequence of the nucleobases makes up
the coding. Single-stranded nucleic acids are capable of folding into higher ordered
structures, such as a double-stranded helix (Figure 1.3). This double helix can be
compared to a winding staircase or a ladder, with the sugar-phosphate backbone
consisting of the rails on the exterior running in opposite 5' to 3' directions, and the
variable nucleobases in the middle stacked one on top of the other like steps. In this
configuration, the negatively charged phosphate backbone is exposed to the polar
solvent, and the hydrophobic nucleobases are hidden in the inner core of the helix.
The nucleic acids strands are held together by non-covalent forces, predominantly
hydrogen bonds (H-bonds) between the nucleobases and n-stacking with neighboring
bases. The H-bonding between nucleobases is called “base pairing”, and occurs
between “complementary bases” according to the model proposed by Watson and
Crick; adenine with thymine and guanine with cytosine (Figure 1.1.2). The A-T base

Single-stranded Watson-Crick base pairing
oligonucleotide

5'-terminus

NH;
'OKP,O' N =N Adenosine [A) o i Uradil, R = H
™o ¢ ) H ,H"'.. \\]/l%‘ Thymine, R=CH,

) o- NN N
|

o) Adenine \N_..-H \[‘f “c1
o0 OH J\NH Guanosine (G) </ o
P ¥ s
o o ¢, Zh N™ "N
NT™N"NH, c
NH,

:O: 1 |.\|
5 & oH 2 ..H’N %, Cytosine
‘ ) o SN . |
3'-5"-phosphodiester P | N Cytidine (C) (o] N N
linkage o © . /R J\ e \rr c1'
o N 7O Guanine N N’H P
o ¢ PN
o om NN
O/, | Uridine (U) cr Y
Of Q — /&-
N o]
(o]
OH OH

3'-terminus

Figure 1.1.2. (Left) RNA tetramer 5-rAGCU-3' showing the phosphodiester
internucleotide linkages. (Right) Watson-Crick base pairing between A and U/T and
between G and C. Hydrogen bonds are indicated by dotted lines.



B-form DNA A-form RNA

Minor groove Major groove

Minor groove Major groove

C2'-endo C3'-endo
Southern pucker Northern pucker

? ?

Base o Base
NGO
o
compact b
extended 59 A OH

O,
7.0A °\®

Right-handed Helix sense Right-handed
10 Residues per turn 11
34A Rise per base pair 26 A
6° Base tilt 20°
23.7A Helix diameter 255 A
wide and deep Major groove narrow and deep
narrow and deep Minor groove wide and shallow

Figure 1.1.3. Average helical conformation and structural parameters of double-
stranded B-form DNA and double-stranded A-form RNA. Preferred sugar
conformations of each helix are indicated underneath with the distances between
adjacent internucleotide phosphates.! Models were constructed using Spartan 08
v.1.2.0.



pair forms 2 hydrogen bonds, and the G-C base pair forms 3 hydrogen bonds. A
mismatch incurs a penalty to the thermodynamic stability of the double-stranded
nucleic acid. This preference for the A-T and G-C pairing is the basis for the copying
of genetic information.

Nucleic acids are dynamic macromolecules that can undergo conformational
changes. In solution, the average structure of double-stranded DNA is a right-handed
B-form helix, while double-stranded RNA forms a right-handed A-form helix (Figure
1.1.3). B-form DNA has a relatively longer geometry; with 10 base pairs per turn of
the helix and a diameter of 23.7 A. A-form duplexes are more compact with 11
residues per helix turn and a helix diameter of 25 A.

Conformational differences between double-stranded A-form and B-form helices

Pseudorotational Wheel are influenced by differences at
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atom(s) most displaced in the rina. System called the pseudorotationa'
wheel (1.1.4).1° The most stable pseudorotomer of the nucleotides in RNA and DNA
fall within the northern (P = 0° - 36°, centered on C3'-endo) and southern coordinates

(P = 144° - 180°, centered on C2'-endo). In solution, nucleosides and nucleotides



rapidly equilibrate between the North and South sugar puckers, passing through the
East sugar pucker (O4'-endo). Depending on the nature of the substituents on the
sugar ring (e.g. RNA vs. DNA), nucleotides can show preference for certain
puckering configurations.*”™*

RNA duplexes adopt a compact A-form helix with the flanking phosphates close
together (5.9 A, Figure 1.1.3).% DNA duplexes are more flexible but adopt
predominantly the longer B-form helix (interphosphate distances of 7.0 A,
Figurel.1.4). In less hydrated environments, DNA can also adopt an A-form helix.*
Hybrid duplexes containing RNA bound to DNA form an intermediate helix. This
hybrid has more A-form character as the flexible DNA strand adapts its sugar
configuration to that of RNA to allow the formation of a stable duplex.?

RNA is less flexible than DNA. It forms thermodynamically more stable

2023 and a range of higher ordered functional structures.*?* In the cell, RNA

duplexes
is biosynthesized as a single covalent chain instead of a double strand, and is thus free
to fold into an array of self-complementary hairpins, bulges and internal loops. RNA
secondary structures can also be stabilized by unusual base pairing, such as the extra-
stable UUCG tetraloop that is widespread in natural RNA hairpins (Figure 1.1.5).2>%
The tetraloop is stabilized by a U1-G4 Wobble base pair that stacks with C3, while
the neighboring U2 twists away into the solvent to allow room for this configuration
(Figure 1.1.5). In addition, the G4 in the tetraloop adopts a syn orientation (Figure
1.1.6) allowing the associated nucleobase O-6 oxygen to hydrogen bond with the

ribose 2'-OH of the paired U-1.2"%

f the extra stable UUCG
tetraloop (numbered 5'-U;-U,-C3-G4-3"). C3 stacks on top of Ul and G4, while U2
twists into the solvent. Dotted white lines represent hydrogen bond base pairing. G4
adopts a syn glycosidic torsion angle to allow the G-U base pair. Structure generated
through Jmol using PDB code 2koc.
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Figure 1.1.6. Anti (left) and syn (right) glycosidic bond conformations of guanosine.

1.1.3 Nucleic acids in the cell

Nature’s choice of DNA over RNA for the long-term storage of information offers
advantages in chemical stability. In solution, DNA has a half life of 10° years, versus
RNA with a half life of 10? years.®® RNA is more susceptible to internal cleavage
because the 2'-hydroxyl group in ribose promotes a transesterification with the
adjacent 3'-phosphoester bond, cleaving the oligonucleotide into two products, one
with a strained 2',3'-cyclic phosphate, and one with a free 5'-hydroxyl (Figure
1.1.7).%
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Figure 1.1.7. Self-cleavage of an RNA strarﬁ initiated by the 2'-hydroxyl group
adjacent to the 3'-phosphodiester bond generating a 2',3'-cyclic phosphate product.

Genomic DNA is found in the cell nucleus, densely coiled with proteins into
chromosomes in mammalian cells. A DNA strand can be copied into two identical
daughter strands during DNA replication, a process carried out by enzymes called
DNA polymerases.*> RNA polymerases® are responsible for the synthesis of RNA
from genomic DNA. Both enzymes catalyze the formation of the phosphodiester
bonds in the sugar-phosphate backbone from the 5' to the 3' direction. Polymerization
occurs from the 3'-hydroxyl of a primer strand annealed to a longer template strand,
which directs the identity of the nucleotide unit to be added through Watson-Crick



base pairing. RNA polymerases use ribonucleoside 5'-triphosphates (rNTPs) as
substrates, while DNA polymerases use 2'-deoxynucleoside 5'-triphosphates (ANTPS).
Nucleases are enzymes that break apart the phosphodiester linkages of nucleic
acids. They are important in the metabolism of nucleic acids and can protect the cell
from nucleic acids derived from pathogens. Nucleases capable of cleaving the
phosphodiester bond in the middle of strands are called endonucleases, while
exonucleases cleave from the 3' or 5' termini.
The central dogma of molecular biology is a simple illustration to explain the
manner genes are expressed in cells (Figure 1.1.8); from DNA, to messenger RNA

(MRNA),** which serves as an intermediary disposable copy,®°

to proteins, which
carry out cellular functions.*” In this model, proteins cannot be used as a template for
converting the information back to nucleic acids, the carriers of the information. The
DNA that is located in the cell nucleus is converted into single-stranded RNA in a
process called transcription. This nascent RNA transcript (called pre-mRNA) is
processed in the nucleus into mature mRNA by post-transcriptional modifications.
These include adding a 7-methylguanosine triphosphate 5'-cap, polyadenylation of
the 3'-terminus, and removal of non-coding RNA sequences (introns) while joining
together the coding RNA sequences (exons) by a process called splicing.®* The
mature mRNA is transported to ribosomes® in the cytoplasm where it serves as a
template for peptide biosynthesis, termed translation. The ribosomes are composed of
catalytic RNAs (ribozymes)***® called ribosomal RNA (rRNA) and synthesizes the
peptide using highly ordered transfer RNA (tRNA)** which delivers the amino acids.
In the last decade, researchers have discovered other forms of RNA transcribed from
non-coding genes in the nucleus, such as micro RNAs (miRNA) and piwi-interacting

RNAs (piRNA), which can regulate translation.*>*’
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Figure 1.1.8. Flow of genetic information inside a cell.

In summary, the versatility of the cellular functions demonstrated by nucleic acids
is unprecedented amongst biomolecules. They can store genetic information (DNA,
viral RNA), serve as an intermediary template for protein synthesis (MRNA), perform
catalysis (rRNA, splicing and other ribozymes), fold into distinct functional structures
(tRNA) and are involved in signaling and regulation of gene expression (MiRNA,
piRNA).
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1.2 HIV Reverse Transcriptase

The human immunodeficiency virus (HIV), the causative agent of AIDS,* is a
global epidemic with 33 million individuals infected worldwide.*® HIV is a retrovirus:
its genetic information is encoded and transmitted by RNA. The process of reverse
transcription, whereby viral genomic RNA is converted into double-stranded
DNA,**? is thus central to the HIV life cycle. This process involves several steps, all
of which are catalyzed by a multifunctional enzyme called HIV reverse transcriptase
(RT),** which has DNA polymerase and ribonuclease H (RNase H) activities.

Reverse transcription takes place in the cytoplasm after the HIV virus particle
fuses with the host CD4+ T cell. RT RNA-dependant DNA polymerization of the
minus DNA strand (the DNA strand complementary to the RNA genome) is initiated
by a host tRNA binding to the single-stranded RNA genome at the primer binding site
(PBS) (Figure 1.2.1).>® A short strand of DNA is synthesized, then a portion of the
RNA dissociates from the degradation of the R region of the RNA template and binds
to a different complementary region on the 5'-end of the viral RNA template (this is
called a “strand transfer”).>® Synthesis of a full-length RNA<DNA hybrid ensues.
The RNase H activity of RT degrades the RNA strand of the hybrid duplex except for
an A/G rich region called the polypurine tract (PPT).>® The PPT serves as the primer
in plus-strand DNA-dependant DNA polymerization which involves a second strand
transfer (Figure 1.2.1). The double-stranded DNA product is incorporated into the
host genome by another viral enzyme, HIV integrase (HI).
1.2.1 Reverse Transcriptase Structure

RT is a heterodimeric protein that contains a 66 kDa subunit (p66) and a 51 kDa

subunit (p51) derived from the same viral gene.”* The p66 subunit houses the nucleic
acid binding cleft, the polymerase and RNase H activity (Figure 1.2.2).°*%" The p51
subunit serves structural roles in RT, and is identical in sequence to p66 but lacks the
15 kDa C-terminal RNase H domain. The three dimensional structure of the amino-
terminal polymerase domain can be compared to a right hand that grasps the nucleic
acid substrate, and the subdomains are named the palm, finger and thumb

accordingly. A connection domain bridges the N-terminal polymerase domain and the
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Figure 1.2.1. Schematic diagram of reverse transcription (adapted from Katz and
Skalka).>* RNA is depicted in red, DNA is depicted in blue. A host cell tRNAYS
binds to the primer binding site (PBS) of the viral RNA genome. Step 1: Minus-strand
DNA synthesis is initiated close to the 5'-terminus of the RNA genome. Step 2: RT
RNase H degrades the RNA genome U5 and repeat (R) regions freeing the primer to
bind to the R region of the 3'-terminus. Step 3: RNA-dependent DNA polymerization
(RDDP) of the minus-strand. Step 4: RT RNase H activity degrades the RNA genome
except for the polypurine tract (PPT). Step 5: The PPT serves as a primer for plus-
strand initiation. Step 6: The PPT and tRNA primers are removed and the second
strand transfer allows the plus-strand PBS to bind the minus-strand PBS. The second
strand transfer occurs in intramolecular fashion. Step 7: DNA-dependent DNA
polymerization of the plus-strand DNA and the long-terminal repeats (LTR; U3, R
and U5 regions) necessary for integrating into the host genome by HI.
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Figure 1.2.2. Structure of RT bound to a DNA duplex (grey) in the nucleic acid
binding cleft. The p66 subunit contains the fingers (red), plam (green), thumb
(brown), connection (purple), and RNase H (orange) domains. The p51 subunit is
depicted in blue. Figure generated using JMOL, PDB code 2HMI.

C-terminal RNase H domain. The nucleic acid substrate spans the 70 A (17-18 nt
long) of the nucleic acid binding cleft making contact with the polymerase, RNase H
and connection domains (Figure 1.2.2).
1.2.2 Polymerase activity

The polymerase activity of HIV RT is responsible for the synthesis of the minus-
strand and plus-strand DNA. As with most DNA polymerases, the substrate for
reverse transcriptase is a recessed primer bound to a template and deoxynucleoside
triphosphates (ANTPs). Prior to polymerization, the primer-template duplex binds to
RT forming a binary complex (Figure 1.2.3). The 3'-nucleotide of the primer occupies
the primer site (P-site) of the polymerase domain.>” The addition of a dNTP to the
nucleotide site (N-site) forms a stable tight-binding ternary complex.?®* The fingers
domain closes down on the dNTP forming a catalytically competent conformation.®
Two Mg?* ions coordinate to the dNTP phosphate groups and assist the 3'-hydroxyl

group of the primer to attack the o-phosphate in Sy2 fashion, creating a new
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phosphodiester bond.®® The release of pyrophosphate (PP;),® the leaving group, is

followed by translocation of the incorporated nucleotide from the N-site to the P-

site.%4%

Figure 1.2.3. Polymerization cycle of RT as described in the text. The terminal 3'-
hydroxyl of the primer occupies the P-site (shaded red) Step 1. dNTP binding to N-site
(shaded green) of binary complex. Step 2. Formation of stable ternary complex. Step 3.
Catalysis. Step 4. Release of pyrophosphate. Step 5. Translocation from N-site to P-site.
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1.2.3. RNase H activity

RNase H is a ubiquitous endoribonuclease that selectively cleaves the
phosphodiester backbone of the RNA strand in an RNA+DNA hybrid duplex.?® The
selectivity for RNA*DNA hybrids is believed to depend on the trajectory of the AB-
form helix backbone and the width of the minor groove.”®°® However, HIV-1 RT
RNase H activity has been known to cleave RNA*RNA hybrids in stalled
complexes.” The isolated RNase H domain of HIV-1 RT is inactive, as it requires
contacts in the primer grip and connection domain to bind to its substrate.”* Adding a
basic loop found in the RNases H of other organisms compensates for the absence of
the other domains and allows the isolated RNase H domain to have catalytic
activity.” The active site of most RNases H, including HIV-1 RT RNase H, contains
a highly conserved DEDD catalytic motif.”""® These negatively charged amino acids
coordinate a two-metal ion cleavage mechanism with water as the nucleophile.”*
The product is a 3'-hydroxyl and a 5'-phosphate from the scissile phosphate (Figure

1.2.4).
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Figure 1.2.4. Two-metal ion assisted reaction mechanism of RNase H mediated
cleavage of an RNA strand. The two Mg®" cations are depicted as circles A and B.
Mg** A assists nucleophilic attack of a water molecule (red and blue). Both Mg?* ions
stabilize the pentavalent transition state with the nucleophile and leaving group at the
apical positions. The products formed are a 3'-hydroxyl and a 5'-phosphate.

Different kinds of RNase H cleavage events occur during reverse transcription
(Figure 1.2.5).”" In a polymerase-dependent mode, RNase H cleavage is directed by
the 3'-terminus of the DNA primer. During polymerization, RNase H cuts the RNA
template during pausing events generating cuts approximately 15-20 nucleotides

away from the P-site of the polymerase domain. In a polymerase-independent mode,
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RNase H cleavage occurs due to positioning at the 5'-terminus of the RNA strand,

generating cuts 7-21 nucleotides from the P-site, or in a non-directed non-specific

fashion within large segments of RNA+*DNA duplexes.”

DNA 3'-end directed cleavage

b ettt el el

RNA 5'-end directed cleavage

Internal clcavago L] [T

5

Polymerase dependent

Polymerase independent

Figure 1.2.5. Modes of HIV-1 RT binding during RNase H cleavage. Red bars,
RNA; blue bars, DNA,; grey circles, RNase H catalytic site; green oval, N-site.

1.2.4. Reverse Transcriptase Drugs

Drug development for HIV remains an area of intense research as there is still no

cure or vaccine to eradicate the epidemic. There are currently 25 FDA-approved

drugs to combat HIV that target various stages of the viral life cycle.” Half of these

agents are directed towards RT, a testament to its key role for infectivity. The two

classes of RT inhibitors in clinical use disrupt the polymerase activity of RT. These

are nucleoside (or nucleotide) reverse transcriptase inhibitors (NRTIs) and non-

nucleoside reverse transcriptase inhibitors (NNRTIs). Although the RNase H activity

is also required for virus infectivity,”® no such inhibitory agents have matured past

pre-clinical development.®

NRTIs are structural analogs of the natural dNTPs used during DNA

polymerization (Figure 1.2.6). These compounds act as chain terminators because

they lack a 3'-hydroxyl group on the sugar ring. The incorporation of a single chain-

terminator is thus sufficient to arrest polymerization forming a dead-end complex

upon translocation to the P-site (Figure 1.2.7).2* NRTIs may be incorporated by other

polymerases and as such pose a toxic risk to non-infected host cells. For this reason,

developing NRTIs specific for RT are paramount for prolonged use by HIV-infected
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patients. Most NRTIs are administered as nucleosides, and must first be converted to
triphosphates by host kinases, presenting another obstacle for their successful
incorporation by RT.®2% Kinases prefer nucleosides that adopt a southern sugar
conformation,®* while polymerases (including RT) prefer to incorporate nucleotides
in a northern sugar pucker.®*® Finally, NRTI triphosphates must compete with the
high concentration of natural ANTPs for incorporating into RT. RT’s low fidelity and
lack of proofreading ability work in favour of the incorporation of modified dNTPs.%
However, they also contribute to RT’s ability to rapidly mutate and develop
resistance against NRTIs.

The first compound approved for the treatment of HIV was 3'-azido-3'-
deoxythymidine (AZT) in 1987 (Figure 1.2.6).*” AZT is the only NRTI to contain a
functional group appended to the 3' position of the sugar ring. 2',3'-dideoxyinosine
(ddl) and 2',3'-dideoxycytidine were the next compounds approved; both are very
similar to natural RT substrates except for the missing 3'-hydroxyl group.® ddl is
metabolized to 2',3'-dideoxyATP in the body and is less toxic than ddA. 2',3'-
didehydro-2',3'-dideoxythymidine  (d4T) and abacavir, (1S,4R)-4-[-2-amino-
6(cyclopropylamino)-9H-Purin-9yl]-2-cyclopentene-1-methanol (ABC), are
analogues that contain an alkene in the sugar ring. d4T is quickly processed by
thymidylate kinase to obtain high intracellular levels of d4TTP.2% ABC, which
contains a carbocyclic ring, is phosphorylated by adenosine phosphotransferase
before being metabolized by AMP deaminase eventually forming a dGTP analogue.®*
L-B-2',3'-Dideoxy-3'"-thiacytidine (3TC),% and its 5-fluoro analogue FTC® contain an
oxathiolane ring in the opposite configuration of deoxyribose and show minimal side
effects at clinical doses. 3TC was the first compound used in combination therapy
with AZT. Tenofovir isopropyl fumarate (9-[2-(phosphonomethoxy propyl] adenine,
TDF) is an acyclic analogue with a 5'-phosphonate diester.** It is an AMP analogue
thus it bypasses the first kinase phosphorylation required by traditional nucleoside
analogues. The liphophilic groups on the ester improve cellular uptake and are

cleaved by cellular esterases to form the free nucleotide phosphonate tenofovir.
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Figure 1.2.6. FDA approved inhibitors of HIV reverse transcriptase

The NNRTIs are a diverse class of molecules with a shared mechanism of action.
They are noncompetitive inhibitors of polymerase activity that bind to a hydrophobic
pocket in the palm domain of the p66 subunit.>® There are four NNRTIs approved for
clinical use (Figure 1.2.6); nevirapine (NVP), delavirdine mesylate (DLV), efavirenz
(EFV) and etravirine (ETR).%° These compounds all have r-stacking and hydrogen
bonding capabilities necessary to interact with the hydrophobic NNRTI binding
pocket (NNIBP). NNRTI binding has been observed to reduce the mobility of the
thumb domain and impact the formation of a competent ternary complex for
polymerization.®® Studies have also demonstrated that nevirapine binding to RT
increases RNase H activity,”® which has been implicated in decreasing resistance

mechanisms.”®® RT mutations that confer resistance to NNRTIs usually introduce
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steric barriers to restrict access to the NNIBP or remove favourable interactions for
drug binding.*®
1.2.5 NRTI Drug Resistance

Treatment insensitivity is a major concern in HIV therapy. Mutations that confer
resistance to antiviral agents develop quickly due to HIV’s fast replication rate and
low polymerase fidelity.21%*% Under the selective pressure of HIV-therapy, these
drug-resistant variants become the dominant species'®* and newly infected patients
are left with fewer treatment options. Thus monotherapy is not an option for
prolonged use, and current treatment relies on combination therapy to restrain the
development of drug resistance. When several drugs, typically three, are taken in
combination, the approach is known as highly active antiretroviral therapy, or
HAART.

There are two general mechanisms by which HIV can develop resistance towards
NRTIs: discrimination and nucleotide excision.’™ The first method involves higher
discrimination towards the incorporation of NRTI triphosphates, without
compromising the incorporation for natural dNTPs. This enhanced recognition may
be due to steric hindrance, such as with the M1841/\V mutation that confers resistance
towards 3TC and FTC.**'® Modeling studies showed that the branched side-chains
clash with the larger sulphur atom on the oxathiolane ring, preventing incorporation.
However, steric hindrance may not explain discrimination against ddl or ddC, as
these NRTIs are sterically smaller than their natural counterparts.®*

In the second mechanism of resistance, RT can rescue DNA synthesis by excising
the chain-terminated nucleotide at the 3'-terminus of the primer strand.'®*%
Mutations associated with this mechanism are called thymidine analogue mutations
(TAMs) as they were first observed in AZT resistant patients following
monotherapy.’®” The model for excision involves ATP or pyrophosphate binding
close to the N-site, and carrying out the opposite reaction of incorporation to release
the NRTI triphosphate. This is only possible if there is no incoming dNTP occupying
the N-site, and the chain-terminated complex translocates back to the N-site. Indeed,

the rate of nucleotide excision is correlated to the incidence of the NRTI occupying
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Figure 1.2.7. Cartoon depicting the competition between the arrest and rescue of
DNA synthesis following the incorporation of an NRTI. The NRTI (red nucleotide)
occupies the P-site (shaded red) in the chain-terminated binary complex (Box 1). The
next dNTP binds to the N-site (shaded green) (Box 2, top) leading to the formation of
a dead-end complex and arrest of DNA synthesis (Box 3, top). Conversely, the chain-
terminator can translocate back to the N-site (Box 2, bottom). ATP or pyrophosphate
(PP;) bind close to the N-site (Box 3, bottom), allowing the excision of the chain
terminator and rescue of DNA synthesis (Box 4, bottom).

the N-site.?®° It has been suggested that the higher propensity for AZT excision is
due to the bulky azido-group preventing the binding of the next dNTP in the N-site to
form the dead-end complex.'® However, the azido group has been shown not to be
the major determinant in excision'®® and TAM’s have shown to provide resistance to
other NRTIs as well. '

Mutations that resensitize RT towards AZT by decreasing excision also exist,
such as the 3TC and FTC resistant mutation M1841/V, illustrating the success of
combination therapy.™* NNRTI resistant mutations have shown the same effect,**2!*3
and combined with NRTIs can act in synergy to inhibit RT polymerase activity.
Combination therapy thus typically includes two NRTIs and an NNRTI or a drug that

targets HIV protease, the enzyme that cleaves viral polypeptides into functional
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proteins.”® Although there are many stages in the viral life cycle that are necessary for
virulence, current therapy relies heavily on RT and protease inhibitors. Some other
targets, such as inhibitors to prevent virus entry into cells and inhibitors of HIV
integrase, have recently been approved for therapeutic use by regulatory bodies. It is
essential to continue research in the identification and validation of new HIV targets
as the occurrence of multidrug resistant HIV strains can impart cross-resistant

phenotypes for several variants of a therapeutic class of compounds.

1.3 Therapeutic/Biological applications of oligonucleotides

Owing to Watson-Crick base paring, an oligonucleotide can be designed to bind a
very specific region of genomic DNA or messenger RNA. This complementary strand
is often referred to as an “antisense strand”, as it binds in an antiparallel fashion to the
target sense sequence. When coupled to a reporter, an antisense strand can identify
the presence of a gene of interest inside tissue by in-situ hybridization'** or on a

membrane by a Southern Blot.**®

With this concept in mind, in 1978 Zamecnik and
Stephenson (Harvard Medical School) demonstrated that a synthetic antisense
oligodeoxynucleotide could bind to a sequence specific nucleic acid in vivo to block
translation of a viral mMRNA (Rous sarcoma virus).**® This groundbreaking discovery
opened the door to a possible therapeutic pathway that could selectively target various
diseases by repressing genes of interest. The following section will discuss several
hybridization-mediated techniques to disrupt gene function in vivo. These techniques
are widely used to study the roles of genes in living systems, and there is great
interest in their development into therapeutic applications.**’
1.3.1 Antisense oligonucleotides

Gene silencing strategies using oligonucleotides generally direct the arrest of
translation, the process of making proteins from mRNA. Antisense oligonucleotides
(AONSs) are short single-stranded nucleic acids designed to bind complementary
mRNA strands coding for a protein, thereby disrupting translation. The silencing
mechanism can take many forms. It was initially believed that the AON-mRNA
duplex formed a steric block that prevented the ribosomal machinery from reading the

genetic code. Later, it was shown that pre-mRNA splicing could be altered resulting
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in the production of non-functional proteins,™® or could direct misspliced mRNA to

form the correct protein.™

We now know that antisense oligonucleotides composed
of single-stranded DNA or DNA analogues can also recruit endogenous RNase H to
cleave the mMRNA<AON hybrid duplex.'?*%

RNases H are present in all mammalian cells and are involved in DNA replication
and repair. As discussed previously, they selectively degrade the RNA strand in
RNA-DNA hybrid duplexes.’”* Thus DNA AONs are necessary to activate this
enzyme-assisted silencing pathway. One clear advantage of the RNase H-mediated
pathway over the steric block approach is the capability of one AON eliciting the
destruction of several mMRNA molecules in a multiple turnover fashion. A well
designed AON will bind to target mRNA, elicit mRNA cleavage by recruiting RNase
H and de-anneal from the degraded products to target another mRNA (Figure
1.3.1).1
1.3.2 RNA interference

In the late 1990’s Andrew Fire (Carnegie Institute of Washington), Craig Mello
(U. Massachusetts Medical School) and co-workers were experimenting with
antisense oligonucleotides composed of single-stranded and double-stranded RNA
targeting the unc gene of Caenorhabditis elegans (C. elegans).!”® To their great
surprise, they obtained very potent gene silencing with the double-stranded RNA,
comprised of the sense and antisense strands, compared to either strand individually.
This “RNA interference” by double-stranded RNA was also evident in the progeny of
the nematodes, leading them to conclude the signal was amplified by an endogenous
pathway different from classic AONs. The expression of virtually any gene can be
disrupted by RNA interference by delivering double-stranded RNA corresponding to
that gene's sequence.’** RNAI is proving an indispensable tool in elucidating the
function of genes and presents a possible route to silence genes for therapeutic
purposes.

RNA interference is triggered by double-stranded RNA in the cell. An enzyme
called Dicer cuts the RNA into short interfering RNAs (siRNAs), 21-23-nt long
double-stranded fragments with 2-nt overhangs at the 3'-terminus (Figure 1.3.1).1%:1%

The siRNA can then become incorporated into the RNA-induced silencing complex,
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Figure 1.3.1. Schematic diagram of antisense and RNA interference mediated gene
silencing pathways in the cell. Antisense: Synthetic antisense oligonucleotides
(AONSs) introduced in the cell can elicit target mMRNA destruction by recruiting the
activity of RNase H. RNA interference: Double-stranded RNA can be processed by
Dicer into 21-23-nt short interfering RNA (siRNASs). Alternativley, synthetic SiRNAs
can be delivered into the cell. The siRNA gets incorporated into the RNA induced
silencing complex (RISC) which discards the passenger strand and forms a “loaded”
complex that binds and cleaves mMRNA complementary to the guide strand.

or RISC,*" which unwinds the RNA duplex discarding the sense strand (also called
passenger strand) and loads the antisense strand (also called guide strand) into the
complex. The RISC complex binds to mRNA that has sequence complementarity to
the loaded antisense strand (Figure 1.3.1). This binding coordinates the cleavage of
the mRNA near the center of the guide strand™?® by a nuclease embedded in RISC
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called Argonaute 2 (Ago2),” thus rendering the mRNA incapable of carrying out its
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function. Like the RNase H-mediated antisense approach, siRNA gene silencing is a
multiple turnover process.

The origin of the RNA molecules that trigger RNAI can be synthetic 21-23 nt
siRNAs or short hairpin RNA (shRNA) introduced into the cell,"*® double-stranded
RNA from pathogens or micro RNAs (miRNAs) from a related gene-regulating
pathway.** Micro RNAs are endogenously transcribed and processed by a nuclear
protein, Drosha,*® into long double-stranded RNA hairpins (pre-miRNASs). If the
hairpins have mismatches, they get converted to micro RNAs (miRNAs) capable of
regulating translation.’®* RNA interference is found in all organisms but the exact
machinery and functions may vary among species. RNAi may have arisen as a means
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to control transposable elements in the cel regulate gene expression through

miRNAs or degrade viral genomic RNA.**? In some species, the interference signal
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can be amplified by polymerases,*** cross over to other cells,** or act at the

transcriptional level by modifying chromatin.*®* HIV and some other viruses have

adapted to a cellular environment where small RNA-mediated gene regulation is
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important. In some cases viruses suppress endogenous RNAI, while in other

139 Micro RNAs have even

cases they can co-opt the pathway for their own benefit.
been implicated in controlling viral reservoirs of latent HIV. 2424
1.3.3 Aptamers and functional nucleic acids

Aptamers are another class of synthetic nucleic acids with great promise for

142 143 applications. Unlike other oligonucleotide tools which

diagnostic ™ and therapeutic
rely solely on Watson-Crick base pairing with their targets, aptamer function is
mediated by their folding into three dimensional structures. Aptamers, derived from
aptus in Latin meaning “to fit”,*** can be engineered to have high binding affinity for
their target molecules. Aptamers have been found in natural mMRNA (called ribo-

switches)* >4

or can be generated by in vitro selection through a process called
SELEX (selective evolution of ligands by exponential enrichment).*****® A random
library of 10™ oligonucleotide sequences is passed through a solid-support tethered to
a ligand or receptor. Only the oligonucleotides that fold into structures that “fit” the
target will be retained on the support, while those that have no affinity wash through.

The retained oligonucleotides are eluted off the column, amplified by the polymerase
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chain reaction (PCR), and reintroduced to the column. Generally 6 to 15 rounds of
this selection process are required to obtain a pool of oligonucleotides that show high
affinity and specificity for the target molecule. The identity of the aptamers is
determined by cloning the pool of oligonucleotides in bacteria and sequencing.
SELEX can vyield aptamers that rival antibodies in terms of binding affinity and
specificity. For example, an aptamer was generated with high-affinity for
theophylline (Kq=100 nM) but had 10 000 times less affinity to caffeine, a molecule
that differs by a single methyl group.**

Aptamers have been selected for a wide range of molecular targets such as small
molecules, nucleotides, amino acids, antibiotics, proteins and even unicellular
pathogens.®**** Competitive inhibitory aptamers have been generated towards
nucleic acid processing enzymes involved in diseases, such as HIV-1 RT*? and the

HIV Rev protein.*

Aptamers targeting proteins that do not normally bind nucleic
acids, such as thrombin and vascular endothelial growth factor (VEGF),™* have
proven to be viable chemotherapeutic agents in the clinic.’>>**® Aptamers show
promise as delivery tools to shuttle other therapeutic agents to their site of action,
such as siRNAs in prostate cancer cells.*®" Inspired by the catalytic cellular functions
of RNA, such as the self-splicing hammerhead ribozyme (RNAzyme),**® SELEX has
also generated functional nucleic acids with catalytic activity. A very well known

example is the Joyce 10-23 deoxyribozyme (DNAzyme)™®

that catalyzes the cleavage
of RNA between any A-U or G-U sequence and was proposed to be competent for
translation arrested gene-silencing.'®® This strategy has largely been abandoned since
RNAzymes and DNAzymes lag behind siRNA and antisense pathways in their
catalytic efficiency and their ability to function at cellular Mg?* concentrations.*®
1.3.4 Chemical modifications

Oligonucleotides present a straightforward means to selectively interrupt a target
gene in light of Watson-Crick base pairing, or by the very specific ligand affinity
evolved through SELEX. However, these compounds are presented with the same
pharmacokinetic obstacles as other chemotherapeutic agents. According to Lipinski’s
Rule of Five,’® oligonucleotides fare extremely poorly as potential chemotherapeutic

agents due to their large size, the charged phosphate backbone and multiple H-
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bonding sites. These properties make it difficult for oligonucleotides to enter the cell,
the site of action for antisense and siRNA oligonucleotides, and can be degraded by
nucleases in the extracellular environment. These shortcomings can be alleviated
through chemically modifying nucleic acids to impart drug-like properties, 763164
Many nucleoside and nucleic acid analogs have been developed to improve the
therapeutic profile of oligonucleotides. As nucleic acids are normally metabolized by
the body, modifications often aim to prevent oligonucleotides from being degraded by
non-specific nucleases or eliciting an immune response, yet allow them to bind to
target MRNA and be recognized by the cellular enzymes of the antisense and/or
RNAI machinery. For antisense oligonucleotides, modifications that mimic DNA
(South sugar puckers) are necessary to form the RNA-DNA hybrid duplexes
recognized by RNase H and lead to target mRNA cleavage. Chemical modifications
can enhance duplex stability between the AON and mRNA, thus enhancing drug-
target binding affinity. To this end, the use of “gapmer” constructs with AONs
containing a small RNase H compatible tract of DNA flanked by RNA wings benefit
from the greater binding affinity between RNA<RNA duplexes compared to
RNA<DNA.'®® Nucleotide analogs that mimic RNA are generally better in SiRNAs
since double-stranded RNA is the trigger for RNA interference.'®*%
To date, there are two FDA-approved oligonucleotide drugs, and both employ

167,168 an antisense

chemical modifications at various sites on nucleic acids. Vitravene,
oligonucleotide approved to combat cytomegalovirus (CMV) retinitis in AIDS
patients, is a 21-nt DNA oligonucleotide with phosphorothioate internucleotide
linkages. These modified backbones contain phosphate groups with sulphur replacing
a non-bridging oxygen (Figure 1.3.2), improving the resistance towards degradation
by nucleases while retaining RNase H activity.'®*'® Macugen®****® an RNA
aptamer that binds to VEGF for the treatment of wet age-related macular
degeneration, incorporates 2'-O-Me-RNA and 2'-deoxy-2'-fluororibose analogs, an
unnatural terminal 3'-3-linked dT, and a lipophilic lysine N-linked to two
polyethylene glycol (PEG) molecules at the 5'-end. Placing hydrophobic groups at the
ends of oligonucleotides protects them from exonucleases and increases their cell

permeability.'”**"? The 2'-O-Me-RNA and 2'F-RNA analogs (Figure 1.3.2) are RNA-
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mimics that are more resistant to endonucleases.'®**"**™ The replacement of the 2'-
hydroxyl group by fluorine enhances gauche effects that strongly favour the North
sugar pucker, and improves thermostability of nucleic acid duplexes.'’* Finally, the
addition of large hydrophobic groups, such as PEG, at the 5'-terminus imparts better
bioavailability.

Two other noteworthy oligonucleotide modifications with good therapeutic
potential are locked nucleic acids (LNA) and 2'-deoxy-2'-fluoroarabinonucleic acids
(2’F-ANA) (Figure 1.3.2). Locked nucleic acids have a methylene bridge between the
2'-hydroxyl group and the C4' carbon “locking” the nucleoside into a North sugar
pucker, leading to tremendous enhancements in duplex binding affinity.*”>*"" The
lack of a 2'-OH group also enhances stability of LNA to hydrolysis and RNases.'”®
LNA is finding many uses in biotechnology as a replacement for RNA with tighter
binding affinity.'"

The 2'F-ANA analogue is the 2' epimer of 2'F-RNA. The fluorine causes gauche
effects that favor the southern sugar pucker, so the nucleoside tends to adopt South-
East sugar conformation making it a DNA mimic.'**%%!! 2'F.ANA oligonucleotides
show enhanced binding affinity to target RNA, and are among the very few sugar
modifications that can elicit RNase H cleavage of mRNA.*¥*18 2'F_.ANA also has
extended nuclease resistance and is in preclinical development for the treatment of

chronic obstructive pulmonary disease. 3>
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Figure 1.3.2. Examples of common nucleotide modifications incorporated in
oligonucleotide therapeutic applications.
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1.4 Solid-phase synthesis of oligonucleotides

Advances in our understanding of nucleic acids and their development into
diagnostic tools and therapeutic agents have been made possible by preparing large
quantities of oligonucleotides to test in vitro and in vivo, including in the clinical
setting. Facile oligonucleotide synthesis has also enabled the development of
invaluable tools in biotechnology such as the polymerase chain reaction (PCR)*’ and
the fabrication of DNA®® and RNA microarrays.*®

The quick and cost effective chemical synthesis of DNA and RNA on large scale
IS now possible thanks to the development of automated solid-phase oligonucleotide
synthesis. The multiple reactive groups present on nucleotides, such as the phosphate
group, the sugar hydroxyls and the exocyclic amines on the nucleobases, contribute to
the challenge in oligonucleotide synthesis, demanding clever and novel protecting
group strategies. Considering the complexity of nucleic acids, it is remarkable that
their synthesis can now be automated. This technology is the result of extensive work
by brilliant researchers.

Oligonucleotides are generally synthesized from the 3' to the 5' direction in order
to utilize the greater nucleophilicity of the 5'-hydroxyl group. This is in contrast to the
biosynthesis of nucleic acids in which 5'-triphosphates are the reactive building
blocks and the synthesis proceeds in the 3' to 5' direction. For chemical synthesis,
each building block contains the sugar, the nucleobase, and an activated phosphorus
at the 3'-end, and only four building blocks are needed to synthesize a natural DNA or
RNA strand. The first polynucleotide synthesized was dTpT by Meselson and Todd

(University of Cambridge) in 1955

where 3'-O-benzoyl protected thymidine was
coupled to 5'-O-benzoylthymidine-3'-phosphoryl chloride. Base protecting groups are
not required on thymidine since there are no reactive exocyclic amines. Khorana
(University of Wisconsin) pioneered much of the chemistry that allowed the synthesis
of longer oligonucleotides, culminating in the synthesis of the gene for alanine
tRNA.* He introduced the mild acid-cleavable trityl protecting group on the 5
|192

hydroxyl™“ of nucleoside 3' phosphate building blocks, and more stable nucleobase
exocyclic amine protecting groups benzoyl (for A and C) and isobuturyl (for G)

(Figure 1.4.1)."2 This allowed the oligonucleotides to be built in a cycle of 5'-O-trityl
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Figure 1.4.1. Exocyclic amine protecting groups in nucleobases.

deprotection followed by coupling of another phosphate building block, and removal
of all base protecting groups at the end of the synthesis is achieved in ammonia.
Letsinger (Northwestern University) devised the phosphotriester approach by
introducing a S-cyanoethyl protecting group on the phosphate which produced neutral
molecules soluble in organic solvents that were far easier to isolate and purify by
column chromatography.™®* Later, he opted to remove a phosphate oxygen to give
phosphite triester (phosphorus 111) building blocks which greatly increased coupling
times.’® Oxidizing the newly formed P(I11) sugar-phosphate bond to a phosphate
triester is easily accomplished in iodine/water and is necessary to prevent acid-
mediated strand cleavage in the ensuing detritylation. The chlorophosphite building
blocks proved so reactive they suffered from limited shipping capability and had to be

used on site. This was remedied by Beaucage and Caruthers (University of Colorado
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Figure 1.4.2. Structure of phosphoramidite building blocks used in solid phase
oligonucleotide synthesis.
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at Boulder) who replaced the chlorine for N,N-diisopropylethylamine to the
phosphorus to give hydrolytically stable phosphoramidite building blocks (Figure
1.4.2). During the coupling step of the synthesis cycle, the phosphoramidite is
activated with a very weak acid, 1H-tetrazole or 4,5-dicyanoimidazole (DCI), in the
presence of the 5'-hydroxyl of the growing chain. These heterocycles are not acidic
enough to remove the 5-O-trityl group of the phosphoramidite.

To this day, the phosphoramidite approach is the most utilized method for
oligonucleotide synthesis. The building blocks are depicted in Figure 1.3.2 and the
synthetic scheme is illustrated in Figure 1.4.3. Letsinger was also the first to

experiment with oligonucleotide synthesis on solid support,**’

eliminating the need
for separation and purification between cycles, which led to the first automated
DNA/RNA synthesizer, or “gene machine”, by his former student Kelvin Ogilvie

(McGill University).**® Alkylamine functionalized controlled-pore glass (CPG)™ i

S
generally the solid support conjugated to the first 5'-O-dimethoxytrityl protected
building block via a succinyl linker.2® There are four steps in the synthesis cycle. It
begins with the removal of the 5'-O-dimethoxytrityl group of the support-bound
nucleoside with 3%TCA. This is followed by the coupling step; a tetrazole or DCI
activated phosphoramidite building block forms a phosphite triester bond with the
free 5'-hydroxyl. The third step, capping, acetylates any unreacted 5'-hydroxyl groups
to halt the accumulation of by-products. The fourth step is the oxidation of the
phosphite triester to an acid stable phosphate triester. It was demonstrated that
performing the capping step prior to oxidation is necessary to prevent the formation
of branched adducts on the O-6 position of guanine.?®® It is usually necessary to
remove the DMT group of the last coupled nucleotide, but if left intact can be
beneficial for purification by reverse-phase (RP) HPLC. At the end of the last cycle
and detritylation, the oligonucleotide is cleaved from the solid support in ammonium
hydroxide. This treatment also removes the exocyclic nucleobase protecting groups
and the p-cyanoethyl protecting on the phosphate. The automated solid-phase
synthesis of oligodeoxynucleotides gives excellent coupling yields (>99% per step),

requires little manual labour, can be performed on very small scale (nmol) and
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consumes little material compared to solution phase. The synthesis of DNA is very
quick, lasting approximately 7.5 minutes per cycle.

The synthesis of RNA has proven more challenging as the presence of the 2'-
hydroxyl requires the control of yet another protecting group. The synthesis of the
building block requires selective protection of the 2'-hydroxyl group over the 3'-
hydroxyl. In addition, many protecting groups introduced at the 2'-hydroxyl can
isomerize to the 3' position if careful conditions are not met, further complicating the
task. The introduction of 2'-hydroxyl protecting groups also generally adds steric bulk
to the phosphoramidite building blocks, which contributes to lower stepwise coupling
yields afforded in RNA synthesis (98.5% per step) and longer reaction times
(approximately 15 minutes per cycle). Although there are many 2'-hydroxyl
protecting groups that have led to the successful synthesis of RNA,2%? the most widely
utilized is the tert-butyldimethylsilyl (TBDMS, Figure 1.4.2) protection group
introduced by Ogilvie (McGill University).?%*?% It is resistant to the conditions in the
DNA synthesis cycle and only requires an extra step for its removal after the
deprotection and cleavage from the solid support. This is generally accomplished with
a fluoride source, such as tetra-n-butylammonium fluoride (TBAF) or triethylamine
trihydrofluoride (NEtz:3HF or TREAT-HF).?®® The robustness of the 2'-O-TBDMS
protecting group was demonstrated by Ogilvie by synthesizing a functional 77-mer
tRNA molecule.?®
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Figure 1.4.3. Solid-phase synthesis cycle using the phosphoramidite approach. The
first building block is attached to the controlled pore glass (CPG) solid support
through a long chain alkylamine (LCAA)/succinyl linker. Conditions: 1.
Detritylation, 3% TCA, DCM 2. Coupling, 0.25 M tetrazole (or DCI),
phosphoramidite, ACN 3. Capping, Ac,0O, imidazole, pyridine, ACN 4. Oxdation,
0.02 M I, pyridine, H,O, THF. After the final cycle and detritylation, NH,OH is used
to cleave the oligonucleotide from the solid support, remove the base protecting

groups, and remove the B-cyanoethyl groups on phosphorus.
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1.5 Physical properties and characterization of nucleic acids

Due to their large size and the limited material obtained from syntheses,
characterization of oligonucleotides by conventional means such as mass
spectrometry (MS), nuclear magnetic resonance (NMR) and crystallography is not
always readily achieved. Fortunately, nucleic acids can be characterized using a
variety of other techniques that make use of their physical and spectroscopic
properties. These methods can provide information quickly and often require little
material. For example, the ultraviolet absorbance of the nucleobases in
oligonucleotides can be used for quantitation, determining the denaturation
temperature of nucleic acid duplexes, and can provide information about helical
geometry using only nanomolar quantities. An electric current can be utilized to move
negatively charged oligonucleotides through a matrix. Thus, gel electrophoresis is
useful for both analytical and preparative purposes, and can be used to assess the size
and shape of nucleic acids and their binding affinity for proteins. When labeled with
radioactive phosphorus (**P or *P), oligonucleotides can be analyzed at sub-
picomolar quantities using gel electrophoresis. Fluorescence labeling is now replacing
radioactive probes as a safer alternative to radiation, and offers the ability to observe
multiple luminophores with different emission wavelengths for multiple analyses. In
addition, gel-free fluorescence techniques exist that can be used in real-time, for
single molecule detection or in a high throughput format. This section presents the
principles behind these techniques, which are used throughout this thesis for a variety
of purposes.
1.5.1 Absorbance

The nucleobases of RNA and DNA absorb ultraviolet light with a maximum
absorption (Amax) around 260 nm (Table 1.5.1).%" It is possible to quantitate nucleic

acids in agueous media from the measured absorbance according to the Beer-Lambert

law: A=glc 1)

where A is absorbance, the amount of light absorbed by the sample defined by
log(incident light intensity/transmitted light intensity), & is the molar extinction

coefficient for a given nucleic acid sequence at a specific wavelength in M™*cm™, ¢ is
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the path length the light travels in the sample media in cm, and c is the concentration
of the sample in M. The &g values for the nucleotides in RNA and DNA are listed in
Table 1.5.1.%9%%

Table 1.5.1. Maximum absorbance and extinction coefficients of RNA and DNA
nucleotides,?%2%

Nucleotide é]mni‘)x " nf‘zl?\g'l)
A/dA 259 15340
G/dG 252 12160
C/dC 271 7600
U 262 10210
T 267 8700

The maximum absorption of heteropolymeric nucleic acids falls close to 260 nm,
roughly the average of the Amax Vvalues in Table 1.5.1. One would assume that the
molar extinction coefficient of an oligonucleotide can be estimated from the sum of
the &6 Vvalues of the individual constituent monomers. However, the &gy Of
polymeric single-stranded, and to greater extent double-stranded oligonucleotides, are
less than the sum of the individual & of the constituent nucleobases, a phenomenon
known as hypochromism.?® Hypochromism arises when there is a parallel
arrangement of dipoles running in opposite directions, such that the induced dipole
reduces the intensity of the transition dipole (Figure 1.5.1).%** For the nucleobases, the
transition dipoles run in the plane of the heterocyclic rings. In RNA and DNA, the
nucleobase transition dipoles are stacked one on top of the other like a deck of cards,
in a parallel arrangement favorable for hypochromism. When transitioning from
single-stranded to double-stranded nucleic acids, more hypochromism arises because
the direction of the transition and induced dipoles of paired nucleobases run in
opposite directions in a quasi parallel arrangement (Figure 1.5.1).?2 Aside from
hypochromism, the &y Of each individual nucleobase is influenced by the identity of
the neighboring bases.?*>?** Therefore, in order to calculate the molar extinction
coefficient of single-stranded oligonucleotides, it is customary to employ a nearest

neighbor approximation using the equation shown below (equation (2)).?* This
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Major groove

Stacked nucleobases Paired nucleobases

Figure 1.5.1. Interaction between transition dipoles (solid arrows) and induced
dipoles (dotted arrows) of neighboring nucleobases in DNA that causes
hypochromism. The dipoles in stacked nucleobases (left image) are parallel in a
card/pack arrangement. In paired nucelobases (right image), the orientation of the
induced dipole from A (dotted arrow) opposes the transition dipole of T.

method accounts for sequence variability and utilizes the measured &0 values for all

16 dinucleotide combinations.

1 2
&60= 2 (&60dinucleotide) - X (sg0nucleoside) 2
n-1 n-1

Integrated DNA Technologies (Coralville, lowa) provides a free tool to calculate the
sequence specific 4o 0f single-stranded RNA or DNA that uses equation (2) and is
available on the World Wide Web:

http://www.idtdna.com/ANALY ZER/Applications/OligoAnalyzer/Default.aspx.
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1.5.2 Thermal denaturation studies®*®

Nucleic acid secondary structure can be disrupted by physical or chemical means,
often referred to as denaturation. An example of denaturation occurs when double-
stranded DNA, an ordered state, is broken into two single strands, a disordered state.
This process is reversible, and the two single strands can anneal again to form the
native duplex if the denaturing conditions are removed. Denaturation can be
accomplished by heating, changing pH, varying solvent or salt concentration or by

introducing a chemical denaturant such as urea.
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Figure 1.5.2. Thermal denaturation curve of an 18-mer RNA-DNA hybrid duplex
with a melting temperature of 65 °C. The x-axis is temperature in degrees
centigrade, and the y-axis is absorbance units measured at 260 nm ultraviolet light
(UV260). The nucleic acid is predominantly double-stranded (duplex state) at low
temperatures, and the absorbance exhibits hypochromism (lower absorbance). At
high temperature, the secondary structure is disrupted, the two strands dissociate,
and the absorbance increases from reduction of hypochromism. The melting
temperature (Ty,) is indicated by the black arrow, and can be determined by the mid-
point between the low temperature baseline and the high temperature baseline
(dotted lines).

Monitoring the denaturation of nucleic acids while increasing temperature yields a
thermal denaturation curve, also called a melting curve, and can provide information

about the physical properties of nucleic acids. Nucleic acid differences in UV
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absorbance between double-stranded and single-stranded forms presents a practical
means to follow denaturation.?™® Figure 1.5.2 depicts a typical plot of absorbance as a
function of temperature for a double-stranded bimolecular nucleic acid. At low
temperature, the nucleic acid exists predominantly in the native duplex form and
exhibits lower absorbance due to hypochromism. When the sample is heated,
denaturation occurs and the absorbance progressively rises as the population of
dissociated oligonucleotides increases. The absorbance reaches a plateau indicating
that all the nucleic acids are in a single-stranded state. The mid-point of the steep
transition indicates when there is an equal population of duplexed and denatured
nucleic acids, referred to as the melting temperature (Tr). This value is calculated as
halfway between the upper and lower baselines. In melting curves where no high
temperature baseline can be obtained, the T, can be estimated as the peak value of a
plot of the first derivative of the melting curve versus temperature.?*®

The melting temperature provides a quantitative measure of the strength of a
nucleic acid duplex and/or the stability of nucleic acid secondary structure. The
magnitude of the T, value is used to compare the thermostability of different
duplexes and can evaluate if nucleotide modifications disrupt base pairing or base
stacking by decreases in Tn. Melting curves can also distinguish unimolecular
duplexes, such as hairpins, from bi-molecular duplexes by monitoring T, at varying
concentrations?® and detect non Watson-Crick base pairing structures such as G-
quadruplexes by monitoring UV.gs absorbance.?*’
1.5.3 Circular Dichroism Spectroscopy™

Circular dichroism (CD) spectroscopy is a technique that can provide structural
information about nucleic acids in solution. A CD signal is detected when
chromophores contain repetitive chirality, such as with the right-handed B-form DNA
double helix. Molar circular dichroism is defined as the result of subtracting the
extinction coefficient of circularly polarized light in the counterclockwise direction
from the extinction coefficient in the clockwise direction (Ag). A CD spectrum is
graphically plotted as units of Ae or molar ellipticity as a function of wavelength. CD
spectra give information about the global conformation of nucleic acids. With the
appropriate reference spectra, CD can differentiate nucleic acid single strands, double
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strands, A-form or B-form duplexes, right or left handed helices, and G-
quadruplexes.?®

The CD spectra of A-form and B-form duplexes display some characteristic traits.
B-form DNA displays a positive maximum around 280 nm, crosses the x-axis (Cross-
over point) around 260 nm, and continues to a negative maximum around 250 nm.*8
The magnitude of the A-form DNA and RNA positive maximum is generally greater
than B-form, appearing around 265 nm, cross—over point closer to 240 nm, and has a
negative maximum close to 210 nm."®> G-quadruplexes also have a distinctive CD

signature with a positive maximum close to 295 nm.?**
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Figure 1.5.3. Circular dichroism spectra of different nucleic acid structures. The
black line represents a typical B-form DNA CD spectra, the dark grey line represents
A-form RNA, and the light grey line represents a G-quadruplex.

38



1.5.4 Gel Electrophoresis®®

Gel electrophoresis is a technique whereby charged molecules, such as nucleic
acids, are driven through a gel matrix made of agarose or polyacrylamide under an
electric field. The velocity of molecules in the gel depends on their size, shape and
charge. Larger and less compact molecules will experience greater frictional forces
and migrate slower in the gel, whereas molecules with a greater net charge and
compact size will migrate faster. Due to the phosphate groups in their backbone,
nucleic acids are negatively charged at neutral pH and migrate towards the positive
electrode in an electric field. Using denaturing conditions, nucleic acids form straight
rods and regardless of their length will have the same shape and similar charge
density (provided the oligonucleotide is greater than 5 units long). Such conditions
conveniently allow the separation of nucleic acids based on their size alone.
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Figure 1.5.4. Formation of polyacrylamide from its monomers, acrylamide and
bisacrylamide. The free radical catalyzed reaction is performed with ammonium
persulfate (APS) and the initiator and N,N,N',N'-tetramethylethylenediamine
(TEMED) as the stabilizer.

Electrophoresis of nucleic acids larger than 200 nucleotides long is generally done
in agarose gels, while for shorter nucleic acids, such as synthetic oligonucleotides,
polyacrylamide gel electrophoresis (PAGE) is used. PAGE is employed for both the
purification and analysis of synthetic oligonucleotides. The gel is made from the
polymerization of acrylamide and bis-acrylamide (Figure 1.5.4) and forms pores 1-2

nm wide depending on the ratio of the two building blocks and the concentration of
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polyacrylamide which usually lies between 6 and 24%. Higher concentrations of
acrylamide will retard the migration of the nucleic acids more and are necessary to
analyze and purify shorter oligonucleotides (20-5 nucleotides in length). One gel can
accommodate up to 60 samples (as in sequencing gels) or a large quantity of a single
sample (usually for purification purposes). Each sample is placed in a different trough
at the top of the gel, referred to as a “well” (Figure 1.5.5A).

PAGE can be carried out under native conditions, where the secondary structures
remain intact, or denaturing conditions, where all the oligonucleotides dissociate into
straight single strands. Denaturing conditions are achieved by preparing the
polyacrylamide gel with 7M urea, which disrupts hydrogen bonding. In addition,
samples can be denatured prior to loading on the gel by heating to 95 °C in
formamide. Denaturing PAGE resolves oligonucleotides at single nucleotide
resolution (Figure 1.5.5A) and can be used to determine the length of an
oligonucleotide if run alongside controls of known length. Preparative denaturing
PAGE allows the purification of synthetic oligonucleotides from the failure sequences
after solid-phase synthesis; the thick slowest moving band is usually the full-length
product (Figure 1.5.5B).
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Figure 1.5.5. A. An example of an analytical 24% denaturing PAGE (7M urea)
visualized by Stains-All. Each well contains a single sample. The oligonucleotides are
migrate from the negative electrode (top of the gel) to the positive electrode (bottom of
gel) with longer oligonucleotides migrating slower. B. An example of a preparative
24% denaturing PAGE (7M urea) visualized by UV-shadowing. The full-length
product appears as a larger slower moving band compared to the shorter failure
sequences which migrate quicker.
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Nucleic acids are easily visualized in PAGE by a variety of methods depending on
the amount of material loaded on the gel. Preparative gels, which can accommodate
up to 1 mg of material, can be visualized by UV-shadowing on a thin layer
chromatography (TLC) plate that contains a fluorescent indicator with 254 nm light.
Analytical gels can be visualized by UV-shadowing with as little as 2 pg of material
per well. Alternatively, the chemical dye Stains-All (Sigma-Aldrich)®**??? can be
used for detecting down to 100 ng of material per well. Oligonucleotides can be
labeled with radioactive phosphorus-32 (3P) on the 3' or 5' terminus and visualized
by autoradiography. This method provides great sensitivity with little modifications
to the DNA structure, but also poses a safety hazard as *P emits B-particles.
Fluorescent tags are a safer alternative to *P with sensitivity down to pg quantities.
However, unlike **P-labelling which can be done post-synthetically, fluorescent
tagging must be planned beforehand.

1.5.5 Fluorescence Spectroscopy®?

When a molecule becomes excited by light energy, photons, it can relax through a
variety of pathways. These energy-releasing pathways can either be non-radiative or
radiative. Examples of non-radiative pathways are the loss of energy as heat or
chemical energy. In the radiative pathways, the energy can be released as light of a
lower energy (longer wavelength), which is fluorescence. Molecules that fluoresce
are often called fluorophores. The fraction of the photons absorbed by a molecule that
are emitted as fluorescence is known as the quantum yield (®). The five common
nucleobases (A, C, G, T and U) have very low quantum vyields, on the order of 10,
which corresponds to undetectable levels of fluorescence by conventional means, and
consequently do not interfere with the measurements of highly emissive fluorescent
probes.??* Thus, fluorescent techniques are useful to study the structure and dynamics

of nucleic acids.
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Figure 1.5.6. This simplified Jablonski diagram illustrates the events that lead to
fluorescence emission. Photons promote an electron from the ground state to an
excited state (excitation). The electron equilibrates to the lowest vibrational level. It
can then relax back to the ground state by radiative pathways, such as fluorescence

(emission), or non-radiative pathways. The events that occur during fluorescence last
on the order of nanoseconds.

The events leading to fluorescence emission are readily described in a Jablonski
diagram as illustrated in Figure 1.5.6. Photons that are absorbed by a molecule can
promote an electron at the ground state to an excited state. This process is so quick
(10"s) that it is not accompanied by any rearrangement of atoms in the molecule.
The excited electron relaxes to the lowest vibrational level (10™%s) of the first excited
state, after which fluorescence emission can take place when the electron returns to
the ground state. The average time the electron remains in an excited state prior to
fluorescence emission is known as the excited state lifetime or fluorescence lifetime.
The fluorescence lifetime is an intrinsic property of a fluorescent molecule and is
usually on a nanosecond (10°%) timescale.

The energy from an excited state fluorescent molecule can be absorbed by
interacting with another molecule, called a quencher, which allows the fluorophore to
return to the ground state without emitting fluorescence. Another process that
decreases emission intensity of an excited fluorophore is resonance energy transfer

(RET) also known as Forster resonance energy transfer (FRET). FRET is possible
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when the emission spectrum of a fluorophore (termed the donor) overlaps with the
absorption spectrum of another molecule (termed the acceptor) and the excited state
energy is transferred from the donor to acceptor (Figure 1.5.7). If the acceptor is a
fluorophore, it may release the excited state energy acquired from the donor as
fluorescence emission. There are three factors that determine the efficiency of energy
transfer: 1) the distance between the donor and the acceptor (the Forster distance), 2)
the overlap between the emission spectrum of the donor and the absorption spectrum
of the acceptor, and 3) the orientation of the transition dipoles of the donor with

respect to the acceptor. FRET is an invaluable tool to map distances in biological
225

macromolecules, such as proteins and nucleic acids.

Em,

Energy —>

Figure 1.5.7. Representation of the excitation and emission spectra of fluorescent
molecules undergoing fluorescent resonance energy transfer (FRET). The excitation
and emission spectra of the donor are shown as the blue and green curves respectively
(Exp and Emp). The excitation and emission spectra of the acceptor fluorophore are
shown as the orange and red curves respectively (Exa and Ema). FRET can occur
when there is spectral overlap between the donor emission spectra and the acceptor
excitation spectra. If all the conditions for FRET are met, exciting at the donor
fluorophore would produce emission of the acceptor fluorophore.

Another useful tool for studying biological macromolecules is fluorescence
polarization (FP) (essentially the same as fluorescence anisotropy). FP can give
information about the size of molecules attached to fluorescent moieties. As discussed

in section 1.5.1, molecules that absorb light have an excitation transition dipole.
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Fluorescent molecules have an emission transition dipole as well. Light passed
through a polarizing filter (polarizer) oscillates in a single orientation. A molecule
will absorb the most energy when its transition dipole is parallel with the polarization
axis of the excitation light and the least when it is perpendicular. A fluorescent
molecule will also mostly emit light with waves oriented parallel to the emission
transition dipole. During the time a fluorescent molecule is in the excited state, which
lasts for nanoseconds, it may rotate such that the emission dipole has changed
orientation with respect to the excitation transition dipole (depolarization) (Figure
1.5.8). Smaller molecules have more rotational diffusion in this timeframe than larger
ones in solution, and have a greater propensity for depolarization (Figure 1.5.8). Thus
fluorescence polarization is retained for large molecules with limited motion, and
fluorescence depolarization is observed for smaller molecules undergoing more
Brownian motion. Figure 1.5.8 illustrates how fluorescence polarization and

depolarization can be used to evaluate the size of biological molecules.
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Figure 1.5.8. Comparison of fluorescence polarization for large and small molecules. A. Plane polarized light excites the
fluorophores with transition dipoles (double arrows) parallel to the axis of the polarizer. Large molecules rotate slowly at
the nanosecond timescale such that the transition dipoles remain in nearly the same orientation during emission, thus the
emitted light remains polarized. The fluorescent light will pass through the emission polarizer oriented parallel emission
dipole, and blocked by polarizers oriented perpendicular. B. When smaller fluorophores are in the excited state, they
undergo more rotational diffusion in nanoseconds and the orientation of the transition dipoles changes, thus the emitted light
is depolarized. Some fluorescent light will pass through both parallel and perpendicular oriented emission polarizers.
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1.6 Thesis objectives

This research laboratory has a long-standing interest in chemically modified
nucleotides and oligonucleotides and their structural and biological consequences.
Sugar-modified nucleic acids such as arabinonucleic acids (ANA),?*® 2'F-ANA,*%

unlocked nucleic acids,??’ 2'-fluoro-4'-thioarabinonucleic acids*®®

and oxepane
nucleic acids (ONA)?*® have been tested as substrates for RNase H. These studies
have helped identify structural properties necessary to elicit RNase H activity, such as

flexibility and sugar pucker conformation,?*®

and has implications for antisense
oligonucleotides, and more recently siRNA-mediated gene-silencing. The RNase H
activity of RT is also a potential antiretroviral target as this function is a requirement
for HIV-1 infectivity.”® This research group demonstrated that double-stranded RNA
can inhibit the activity of E. coli and HIV-1 RT RNase H.?° Small nucleic acid
hairpins and dumbbells were also shown to preferentially inhibit the RNase H activity
of RT over the polymerase activity.?**#** The mechanism of this inhibition was not
clearly identified.

Chapter 2 of this thesis aims to synthesize second-generation nucleic acid hairpins
containing chemical modifications with improved stability and potency towards HIV-
1 RT RNase H. In addition, studies designed to elucidate the mechanism of action of
hairpin inhibition are carried out.

Chapter 3 describes a high throughput method to screen for inhibitors of RNase H
using 6-phenylpyrrolocytidine (PhpC), a novel fluorescent nucleobase analogue. To
evaluate PhpC as a chemical modification in RNA, its structural properties are
determined by thermal denaturation experiments and circular dichroism spectroscopy.

Chapter 4 further investigates the properties of PhpC as a modification for gene-
silencing oligonucleotides. siRNAs containing PhpC are evaluated for their ability to
repress the luciferase gene in Hela cells. The use of PhpC-siRNAs as a fluorescent
reporter to monitor cellular localization is explored.

Chapter 5 investigates if there is a relationship between sugar conformation and
nucleotide excision by HIV-1 RT. To this end, primers containing various chemical

modifications at the 3'-terminus are synthesized and tested for excision. Since
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inhibitors of nucleotide excision present a novel therapeutic target for RT, a high

throughput screen to identify such agents using fluorescent nucleobases is explored.
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Chapter 2.  Inhibition of HIV-1 RT RNase H
Activity by Chemically Modified
Nucleic Acid Hairpins

2.1 Introduction
2.1.1 Current HIV therapy

Acquired immunodeficiency syndrome (AIDS), caused by the human
immunodeficiency virus (HIV), has become one of the most lethal chronic diseases
for which no cure has yet been identified.?*?** HIV-1 reverse transcriptase (RT) is a
key enzyme that plays an essential and multifunctional role in the life cycle of the
virus. HIV-1 RT converts the viral single-stranded RNA genome into DNA following
the entry of the virus into the cytoplasm of the host cell. The enzyme displays DNA
polymerase activity on both RNA and DNA templates, and a ribonuclease H (RNase
H) activity on RNA*DNA hybrids.>®?® It also plays a role at specific steps during the
complicated process of reverse transcription, including strand transfer and the
removal of RNA primers. As a result, RT has been a prominent target in the
discovery and development of antiviral agents that suppress HIV infection.?*® Of the
numerous lead compounds studied, only those that specifically target HIV-1 RT or
the HIV-1 protease enzyme, and, more recently, the cell entry and integrase process,
have been approved for HIV therapy.”® The common nucleoside reverse transcriptase
inhibitors (NRTIs), e.g. AZT, 3TC, and d4T, and non-nucleoside reverse transcriptase
inhibitors (NNRTIs) (nevirapine, efavirenz, and delavirdine) effectively block viral

5.56,237,238

DNA replication and slow the onset and progression of AID Despite the

tremendous success associated with antiretroviral combination therapy, which may

239

also include inhibitors of the viral protease,” the development of resistance cannot

be prevented and accounts for a major cause of treatment failure.**° As a result, much
effort is now directed at identification of drugs against novel (non-RT) HIV targets.?*
2.1.2 RNase H as an antiretroviral target

HIV-1 RT provides additional unique targets for antiretroviral drug discovery.
RT-associated ribonuclease H (RNaseH) is needed to degrade the RNA component of

the RNA*DNA hybrid duplex intermediate formed during reverse transcription, in
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order to free the DNA strand for use as template to form the final viral double strand
DNA intermediate. Mutations in the RNase H domain of RT lead to a marked
decrease in the level of virus proliferation, an indication of the crucial role of RNase
H during the retroviral cycle.”**? Point mutations at the active site completely block
replication of the virus.”” HIV-1 RT RNase H is therefore a logical target for
antiretroviral intervention, yet there are no such inhibitors in clinical development,
and indeed very few have been identified.'®*?*® There is some debate as to whether
RNase H inhibitors can compromise the effectiveness of NRTIs. It has been proposed
that reducing the degradation of the RNA template by RNase H will allow more time
for RT to bind to the RNA template-DNA primer, increasing the rate of nucleotide
excision (and hence drug resistance).®”*® Indeed, recent studies on virus mutations in
patients with thymidine analogue mutations (TAMSs) and mutations in the connection
domain offer conflicting results supporting this hypothesis.?*424

The development of potent and selective inhibitors of RNase H will help
determine if this target is valid for antiretroviral therapy. Only a handful of small
molecule compounds have shown very specific inhibition towards the RNase H
activity of HIV-1 RT (Figure 2.1)."® N-Acylhydrozones were the first compounds to
show potent inhibition to RNase H.?*” One such analogue, dihydroxy benzoyl
naphthyl hydrazone (DHBNH, Figure 2.1), shows specific inhibition towards the
RNase H activity even though it binds close to the NNRTI binding site as revealed by
X-ray crystallography.?*® Another class of potent RNase H inhibitor, the diketo acids,
demonstrated synergy for reverse transcription with clinically approved RT
inhibitors. %242 \jith the advent of better screening techniques for inhibitors of
RNase H,%'%3 some other promising lead compounds have been described such as

25425 and more recently vinylogous ureas.”*®

the hydroxylated tropolones

Nucleic acid duplexes offer an alternative to small molecules for targeting RNase
H, and should be well-suited for this task since they constitute the natural substrate of
RNase H. The advent of SELEX (Systematic Evolution of Ligands by Exponential

Enrichment)*44148

opened the door to a quick and efficient method of obtaining
nucleic acid ligands, better known as “aptamers” (from the Latin, aptus, meaning ‘to

fit’). The culmination of this discovery has thus far been the development of the
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Figure 2.1. Classes of RNase H inhibitors. 1, N-acyl hydrazones; 2, diketo acids; 3,
N-hydroxmides; 4, tropolones; 5, vinylogous ureas.
aptamer Macugen® for the treatment of wet age-related macular degeneration.™>**®
SELEX has also been utilized to generate aptamers that inhibit HIV RT with high
binding affinity (Kq in nM range).**>?*"%%2 Aptamers targeting the RNase H domain
have also been generated, demonstrating good potency in cell culture,*%* but this
potency may be due partly to inhibition of polymerase activity.
2.1.3 Modified nucleic acid hairpins to target RNase H activity and probe
binding requirements

Our group reported that short nucleic acid hairpins interfere with the function of
RT-associated RNase H without affecting the DNA polymerase activity (Figure 2.2).
Specifically, short hairpins (4 base pairs)™'*** and dumbbells (8-10 base pairs)™"
effectively inhibited the RNase H activity of HIV-1 RT with ICs values in the low
micromolar range. Although the folded (hairpin) architecture of these compounds
made them somewhat resistant to degradation by ubiquitous cellular nucleases,
application of these (and antisense and siRNA) compounds in vivo and their possible
use as therapeutics face some key hurdles such as delivery, cellular uptake and
enhanced biostability.

These shortcomings can in principle be addressed through chemical modification of
the sugar-phosphate backbone, thus generating nucleic acid analogues with improved
properties over the native nucleotides. Indeed, several nucleic acid analogues such as

DNA or RNA phosphorothioates,” 2',5'-linked RNA,**® LNA,'’® 2'-OMe-RNA,**7*6
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2'F-RNA'"* and 2'F-arabinonucleic acids (2'F-ANA)*®® have been examined as a
means to improve the biostability of antisense and siRNA oligonucleotides. The
attraction of some of these modifications derives from their ability to simultaneously
increase the strength of a hybrid and resistance to nucleases. For these reasons, we

hypothesized that these modifications would also improve the efficiency of hairpin

molecules directed against HIV-1 RT RNase H.

U U,
B = G GAC U 5" - GUGGAC U2
| I I B [ T N R
3" =CCUG C 3" =CACCUG C,
G Gy
R4RR4 R@RRs

Figure 2.2. Native hairpins R4RR4 (right) and R¢RR¢ (left). The residues in the loop
are designated U;-U,-C3-G4 from 5' to 3' as depicted on R¢RRg.

Previous work in the Damha lab suggested that the hairpins may bind selectively to
the RNase H domain, a rather peculiar finding since most of the contacts between
HIV-1 RT and its RNA*DNA hybrid substrate lie outside the RNase H domain.?®?"
The discovery of nucleic acids that do indeed selectively bind to RNase H would
greatly aid our understanding of how the virus recognizes different substrates to carry
out its functions.””>?"? As a result, we undertook footprinting and protein-nucleic acid
cross-linking experiments to determine the mode by which these hairpins bind to
reverse transcriptase.?’>2’* We demonstrate that RNA hairpins can perturb only the
contacts in the RNase H domain and, consequently, do not interfere with potency of a

chain terminator such as AZT.

2.2 Results and Discussion
2.2.1 Design of Oligonucleotides

This section describes how we planned to improve the potency, thermostability and
biostability of hairpins through chemical modifications. Since HIV-1 RT binds tightly
to long nucleic acids, we will maintain the conservative size of the hairpins by
incorporating helix geometries that show preferential binding to RNase H, such as the

natural substrate RNA*DNA hybrid duplex.®”® Given that RNase H also has high
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affinity towards nucleic acid duplexes with A-form helices over B-form helices,”” we
incorporated 2'F-RNA and LNA segments (and combinations of these) in the stem
and loop regions of hairpins, as these modifications preserve key structural features of
the native ribonucleotides (North or C3'-endo sugar pucker) (Figure 2.3). In addition,
2'F-RNA and LNA modifications are known to enhance nuclease resistance and the
overall thermodynamic stability of RNA duplexes. Therefore, hairpins containing
these two modifications were prepared and these are listed in Table 2.1 (hairpins X-6,
X-8, X-17, X-17-C, X-18, X-18-C, X-20, X-20-C, Si-12).

Since the eventual destination of our compounds would be inside a cell, other
modifications that enhance biostability and bioavailability were contemplated.
Among those considered were 2'5-internucleotide linkages, 2'-deoxy-2'-
fluoroarabinonucleotide (2'F-ANA), “reversed dT” (3'3'dT) and cholesterol units
(Figure 2.3). When conjugated at the 5'- or 3'-termini of an oligonucleotide, the

cholesterol (chol) moiety has the added advantage of potentially enhancing cellular

uptak 0276277
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Figure 2.3. Chemical modifications employed in this study.

As there is evidence that longer nucleic acids are more potent inhibitors of HIV-1

RT’s RNase H than shorter 0nes,231’266

we also synthesized hairpins with stem regions
of varying length (1-4 base pairs; see Table 2.1). In order to ensure sufficient stability
for the hairpins containing only 2 and 4 base pairs, we incorporated LNA residues at
various positions within R;RR; and R4RR4 (Table 2.2).

The loop sequence selected for our initial studies was the known tetraloop UUCG,

which displays extrastability by virture of very specific hydrogen bonding and
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stacking interactions within the loop. As described in the Introduction (Chapter 1), the
first U residue in the rUUCG loop adopts a northern sugar pucker and it hydrogen
bonds to the G4 residue forming a UG wobble base pair; these two nucleotides also
hydrogen bond via the uridine 2'OH (rU) and the guanine lactam’s O6 atom.
Furthermore the third C residue in the loop stacks with the GeU wobble pair further
26,28

contributing to the overall “extra” stability of the hairpin loop.

Table 2.1. Hairpins screened for inhibition against HIV-1 RT RNase H activity.

Entry Code Sequence ICgo (M) Ty, (°C)
1 RsRRg 5'- GUGGAC UUCG GUCCAC - 3' > 50 83
2 R.RR, 5'- GGAC UUCG Gucc - 3' > 50 73
3 R;RR; 5'- GAC UUCG GUC - 3' > 50 59
4 R,RR, 5'- AC UUCG GU - 3' > 50 32
5 R:RR; 5-CUUCGG-3 > 50 16
6 X-4 5'- GGAC UUCG GUCC - 3'3'dT > 50 75
7 X-5 5'- GGAC UUCG GUCC - 3'3'dT > 50 87
8 X-6 5'- GGAC UUCG GUCC - 3'3'dT 37 80
9 X-7 5'- GUCAGUGGAC UUCG GUCCACUGAC - 3'3dT 2.1 nd
10 X-8 5'- GGAC UUCG GUCC - 3'3'dT > 50 74
11 X-10 5'- GUGGAC UUCG GUCCAC - 3'3dT 15 81
12 X-10-C  chol - 5'- GUGGAC UUCG GUCCAC - 3'3'dT 0.18 85
13 X-11 5'- GUGGAC UUCG GUCCAC - 3'3dT 19 nd
14 X-11-C  chol - 5'- GUGGAC UUCG GUCCAC - 3'3dT 0.2 nd
15 X-12 5'- GUGGAC UUCG gtccac - 3'3'dT 36 nd
16 X-13  5- GUGGAC UUCG gtccac - 3'3'dT 32 60
17 X-13-C  chol - 5- GUGGAC UUCG gtccac - 3'3'dT 17 81
18 X-14  5'-gtggac UUCG gtccac - 3'3'dT 32 84
19 X-14-C  chol - 5- gtggac UUCG gtccac - 3'3'dT 1.5 > 95
20 X-15 5'- GUGGAC UUCG GUCCAC - 3'3dT nd > 905
21 X-17 5'- GUGGAC TUCG GUCCAC - 3'3dT 20 80
22 X-17-C  chol - 5- GUGGAC TUCG GUCCAC - 3'3'dT 0.73 85
23 X-18 5'- GUGGAC TUCG GUCCAC - 3'3dT 21 81
24 X-19  5'-gtggac UUCG gtccac - 3' >50 64
25 X-19-C  chol - 5'- gtggac UUCG gtccac - 3' nd 72
26 X-20  5'- gtggac UUCG gtccac - 3'3'dT 35 81
27 X-20-C  chol - 5'- gtggac UUCG gtccac - 3'3'dT 0.3 > 05
28 X-21 5'- GAUCAC UUCG GCCUGG - 3'3'dT 32 30
29 X-22 5'- GATCAC TTCG GCCTGG - 3'3'dT >50 inc

Legend: UPPER CASE, RNA; lower case, DNA; UNDERLINE, 2'-5' linked RNA,;
BOLD, LNA,; italic lower case, 2'F-ANA; BOLD ITALIC, 2'F-RNA; 3'3dT, 3
reversed dT; chol, 5'- cholesterol. 1Csos were calculated as described in the Methods
section. Ty, values are an average of at least three runs with standard deviation within
+/- 1 °C. nd = not determined. inc = inconclusive.
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The natural 3',5'-linked rUUCG loop has been shown to be a key structural motif
for enhancing the potency of the nucleic acid hairpins.”®* The unnatural 2',5-linked
ru,;U,CsG4 RNA loop is also highly stabilizing, and also undergoes (a) U1*G4 wobble
base pairing, with both nucleotide residues in the anti-conformation, (b) extensive
base stacking, and (c) sugar-base and sugar-sugar contacts, all of which contribute to
the extra stability of this hairpin loop structure.?
3',5-rUUCG loop of RNA hairpins with a 2',5'-linked rUUCG loop is known to

decrease potency of RNA hairpins against RT RNase H, the 2'5-loop confers

While replacement of the native

superior nuclease resistance compared to the 3',5'- rUUCG loop.?*? Therefore, we also
synthesized a series of hairpins containing the 2',5'-rUUCG loop (X-11, X-12, X-15,
X-16 and X-17; Table 2.1).

Table 2.2. Short LNA hairpins screened for inhibition against HIV-1 RT RNase H
activity.

Entry Code Sequence ICso (UM)  Tn, (°C)
1 R4,RR, 5'-GGAC UUCG GUCC - 3' > 50 73
2 R,RR, 5-ACUUCGGU -3 > 50 32
3 Si-01 5-ACUUCGGU-3' > 50 78
4 Si-02 5-ACUUCGGU -3' > 50 66
5 Si-03 5-ACUUCGGU-3' > 50 inc
6 Si-04 5-ACUUCGGU-3' > 50 inc
7 Si-05 5-ACUUCGGU-3' > 50 inc
8 Si-06 5-ACUUCGGU-3' > 50 inc
9 Si-07 5-CUUCGG -3 > 50 inc
10 Si-08 5-CUUCGG-3' > 50 inc
11  Si-09  5-ACUUCGGU-3' > 50 64
12 Si-10 5-ACUUCGGU - 3' > 50 inc
13  Si-11  5-ACUUCG GU - 3' > 50 55
14 Si-12  5-GGAC UUCG GUCC - 3' > 50 73
15 Si-13  5-GGAC UUCG GuCC - 3' > 50 69
16 Si-14  5-GGAC UUCG GUCC - 3' > 50 68

Legend: UPPER CASE, RNA; BOLD, LNA. ICss were calculated as described in
the Methods section. T, values are an average of at least three runs with standard
deviation within +/- 1 °C. inc = inconclusive.

Finally, in order to thoroughly investigate the sequence dependence of the stem
region on hairpin potency, a library of 64 hairpins based on X-4 (Table 2.1) with

every possible permutation on the first three nucleotides was prepared (Table 2.3).
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The physicochemical properties and inhibitory potency of these compounds towards
HIV-1 RT RNase H are described in the following sections.

Table 2.3. Library of 64 hairpins screened for their anti-HIV-1 RT RNase H (RNH)
potency.

% RNase H
CODE Sequence activity™
L1-53 U A G C Uucce ¢ Cc U A 3-3dT 33
L1-37 C A G C UUuCcG G C U G 3-3dT 34
L1-24 G U G C Uucceg ¢ € A C 3-3dT 39
L1-61 U A U C UuUCG G A U A 3-3dT 41
L1-10 A G C C UUCG G G C U g3-3dT 48
L1-21 G A G C UUCG G C U C 3-3dT 52
L1-45 C A U C UUuCcG G A U G 3-3dT 53
L1-32 G U U C uUucGcg ¢ A A C 3-3dT 54
L1-13 A A U C UUCG G A U U 3-3dT 54
L1-40 C U G C uUucceg G € A G 3-3dT 54
L1-62 U G U C Uucce G A C A 3-3dT 55
L1-09 A A C C UUCG G G U U 3-3dT 55
L1-31 G C U C uUucc ¢ A G C 3-3dT 56
L1-34 C G A C UUCG G U C G 3-3dT 58
L1-47 C C U C uUucGg ¢ A G G 3-3dT 58
L1-43 C C C C uUucGe ¢ G G G 3-3dT 58
L1-23 G C G C UucGe ¢ € G C 3-3dT 59
L1-44 C U C C uUucc ¢ G A G 3-3dT 60
L1-07 A C G C UuUCcG G C G U 3-3dT 60
L1-20 G U A C UUuCG G U A C 3-3dT 61
L1-19 G C A C UUCG G U G C 3-3dT 61
L1-28 G U C C UucGcg ¢ G A C 3-3dT 61
L1-26 G G C C UucGe ¢ G C C 3-3dT 61
L1-18 G G A C UUCG G U C C 3-3dT 62
L1-46 C G U C uUucGg G A C G 3-3dT 62
L1-30 G G U C uUucGeg ¢ A C C 3-3dT 62
L1-15 A C U C Uucc G A G U 3-3dT 62
L1-36 C U A C UUuCG G U A G 3-3dT 62
L1-12 A U C C UucécG G G A U 3-3dT 64
L1-05 A A G C UUCG G C U U 3-3dT 64
L1-42 C G C C UucG G G €C G 3-3dT 64
L1-56 U U G C UucG G C A A 3-3dT 64
L1-55 U C G C UucG G € G A 3-3dT 64
L1-29 G A U C UuUucéG G A U C 3-3dT 64
L1-48 C U U C uUucceg ¢ A A G 3-3dT 64
L1-35 C C A C UUCG G U G G 3-3dT 64
L1-52 U U A C UUCG G U A A 3-3dT 65
L1-58 U G C C Uucce ¢ G C A 3-3dT 65
L1-14 A G U C UUCG G A C U 3-3dT 65
L1-16 A U U C UUCG G A A U 3-3dT 65
L1-41 C A C C UUCG G G U G 3-3dT 65
L1-04 A U A C UUCG G U A U 3-3dT 66
L1-17 G A A C UUCG G U U C 3-3dT 66
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L1-03 A C A C UUCG G U G U 3-3dT 66
L1-25 G A C C uUucc G G U C 3-3dT 67
L1-39 C C G C uUuccG G € G G 3-3dr 67
L1-51 U C A C UUCG G U G A 3-3dT 67
L1-27 G C C C uuccG G G G C 3-3dr 68
L1-33 C A A C UUCG G U U G 3-3dT 68
L1-22 G G G C UUucGc G € Cc C 3-3dT 68
L1-64 U U U C UuCG G A A A 3-3dT 68
L1-54 U G G C UUutG G € C A 3-3dT 69
L1-11 A C C C UUCG G G G U 3-3dT 70
L1-50 U G A C UUCG G U C A 3-3dT 70
L1-57 U A C C UUCG G G U A 3-3dT 71
L1-02 A G A C UUCG G U C U 3-3dT 71
L1-08 A U G C UUCG G C A U 3-3dT 72
L1-06 A G G C UUuCG G C C U 3-3dT 73
L1-60 U Uu C C Uuucc G G A A 3-3dT 73
L1-38 C G G C UUcG G € C G 3-3dT 73
L1-59 U C C C UutcG G G G A 3-3dT 76
L1-49 U A A C UUCG G U U A 3-3dT 76
L1-63 U C U C UuccG G A G A 3-3dT 77
L1-01 A A A C UUCG G U U U 3-3dT 79

[a]Variable residues are in black and fixed residues in grey. Hairpins are organized
from most potent to least potent. [b] These values represent the average of two
experiments run in duplicate at a single concentration of 100 uM. Hairpin L1-18
(shaded) is identical to X-04 (Table 2.1). Note that hairpins contain a reversed dT at
the 3'-terminus (3'3'dT).

2.2.2 Structural/Stability study of hairpins (T/CD)

The thermal stabilities of the modified hairpins were verified through UV
melting studies. Hairpins with longer stems showed higher melting temperature (Tm)
values as expected (Table 2.1, RgRRs > R4RR4 > R3RR3 > R,RR, > R;RR;). Also as
expected, the replacement of ribonucleotides in the stem for 2'F-RNA residues (Table
2.1, X-4 vs. X-5; X-10 vs. X-15), LNA residues (Table 2.2, R;RR; vs. Si-01, Si-02,
Si-09 and Si-09) and 2'F-ANA residues (Table 2.1, X-10 vs. X-14) caused increases
in thermal stability. These observations are likely the result of the increased rigidity
of these modifications. In other words, the modified sugar rings are pre-organized in a
way that is compatible with A-form (2'F-RNA and LNA) or AB-like duplex
conformations (2'F-ANA) thereby lowering the entropic penalty that results when a
single strand folds into a more ordered hairpin structure. Replacement of 2'F-rU or
LNA-U for the first rU in the tetraloop, U;-U,-C3-Gy, did not affect thermal stability
(compare X-17 and X-18 to X-10, Table 2.1; and Si-12 to R4RRy, Table 2.2). This is
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expected given that sugar pucker remains unaltered by these substitutions (C3'-
endo).?*?82"® One may argue that the loss of the sugar 2'-hydroxyl in the first loop
residue (rU), through 2'F-RNA (or LNA) insertions could lead to some

destabilization.?™

As this was not the case, it is possible that loss of the 2'-OH:06
hydrogen bonding is compensated by the conformationally more rigid 2'F-rU units
which better conform to the well structured tetraloop. The only stem modification that
demonstrated significant destabilizing effects compared to the native RNA and DNA
structures was the 2'F-ANA-2'-5' RNA stem hairpin X-13 (Table 2.1). This is
somewhat expected since 2'-5' RNA binds unfavorably with DNA,?*° and 2'F-ANA is
a rigid mimic of DNA. Thus the 2'F-ANA segment may not readily alter its
conformation to accommodate the complementary 2'-5' RNA strand.

It was also noted that adding a 3' reversed thymidine did not change the T
drastically. The thermostability of cholesterol conjugates versus their non-cholesterol
counterparts demonstrated significantly higher T, values. The greatest increase was
observed between hairpin X-13 and X-13-C (entries 16 vs 17; AT, > 20°C increase).
Previous work on oligonucleotides bearing cholesterol conjugations showed
destabilization when placed at the terminus of one strand, but better mismatch
discrimination and Ty, increases up to 13°C were observed when the cholesterol unit
was placed on the same end of both strands compared to unmodified controls.?** The
nature of this stabilization was attributed to hydrophobic interactions, which we
believe is also responsible for the extra stability of the cholesterol hairpins in the
present study.

Circular dichroism (CD) spectroscopy was used to qualitatively probe the helix
geometry of nucleic acid duplexes to ascertain if a given helix has more “RNA
character” (an A-form helix), “DNA character” (B-form helix), or an intermediate
thereof (I-like or AB-like). CD profiles of RNA hairpins and hairpins containing
RNA-like modifications in their stems display classic A-form helix CD profiles with
a maximum peak around 260 nm (Figure 2.5A). Hairpins containing DNA and DNA-
like modifications (X-19, Table 2.1) exhibited CD spectra of the classical B-form
with a maximum peak at 280 nm that crosses the x-axis at 250 nm, as expected. All

other hairpins, gave AB-like CD profiles with broad peaks at 270 nm and crossing the
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x-axis at 245 nm. 2'F-ANA-2'-5' RNA stem hairpins (Table 2.1, X-13 and X-13-C)
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Figure 2.4. Representative thermal denaturation curves of nucleic acid hairpins
monitored by UVa. In both examples, the cholesterol increases the melting
temperature. A) RNA hairpin X-10 and X-10-C. B) 2'-5' RNA/2'F-ANA stem
hairpins X-13 and X-13-C.
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A CD spectra of hairpins with A-form stems
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Figure 2.5. Circular dichroism spectra of hairpins with various modifications to the
stem. A) Hairpins containing nucleic acids with A-form (RNA-like) helices in the
stem. B) Hairpins containing nucleic acids with B-form (DNA-like) or AB-like
(RNA*DNA hybrid like) helices in the stem.
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gave CD spectra with a weak peak at 270 nm and crossed the x-axis at 280 and 260
nm, consistent with weaker binding between 2'-5' RNA and 2'F-ANA. In all
instances, the cholesterol conjugated hairpins and their respective non-cholesterol
variants gave CD spectra identical in shape suggesting that the cholesterol unit
stabilizes the helices without altering the global conformation of the conjugated
nucleic acid hairpin.
2.2.3 Serum stability assays

Chemically modified nucleosides were introduced to possibly increase resistance
of hairpins to nucleases. Native hairpins and hairpins modified with reversed dT 3'-
termini (such as X-10 and X-12) and unnatural 2'-5' linkages (such as X-12) were
incubated in fetal bovine serum (FBS) to assess their stability to nucleases in
biological media. The stability of the hairpins was compared to an 18-nucleotide long
DNA single strand. Intact full-length hairpins were still present after 48 hours of
incubation in serum, (Figure 2.6) whereas no full-length single-stranded DNA
remained after 6 hours. This is primarily due to the hairpins being very short and
double-stranded, two properties that already make the hairpins relatively nuclease
resistant compared to linear oligonucleotide based therapeutics such as antisense
DNAs and siRNAs.

DNA 18-mer ReRRg-9-3dT ReRDg-3-'3dT
(X-010) (X-012)
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24 h
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Figure 2.6. Denaturing PAGE of a nucleic acid serum stability assay in 10% FBS. An
18-nucleotide single-stranded DNA (5-AGCTCCCAGGCTCAGATC-3') was used as
a control against hairpins X-10 and X-12. Incubation times are indicated above
corresponding wells. After 24 hours, all full length hairpins remain intact while none
of the single-stranded DNA 18-mer remained.
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2.2.4 HIV-1 RT RNase H inhibition assays

The potency of hairpins towards HIV-1 RT RNase H activity was tested using a
gel-based method and a fluorescence-based method. The inhibitors were first
screened using the former method as it required less material than fluorescent assays
(Figure 2.7). From the preliminary screening, ICsy values of only the most potent
inhibitors shown in Table 2.1 were determined under steady-state conditions in
fluorescent assays (Figure 2.8). This assay incorporates a 3'-terminal fluorescein
labeled RNA hybridized to a 5'-terminal DABCYL labeled DNA that quenches the
fluorescent signal.””' Upon RNase H treatment, the 3'-terminal fluorescein RNA is
cleaved from the RNA*DNA hybrid and a concomitant increase in fluorescence
emission is observed. We noted marked differences in absolute I1Csq values from our

21232 and the assays employed in the current study. However, the

previous reports,
relative RNase H potencies among different hairpins are consistent regardless of the
testing method. We also compared the potency of the hairpin inhibitors to DHBNH
(ICsp = 0.2 uM), a well characterized RNase H inhibitor we obtained from the lab of
Dr. Michael A. Parniak from the University of Pittsburgh.**® The most potent
inhibitors, X-10-C and X-20-C, had comparable RNase H potency to DHBNH. We
identified certain trends on the relationship between the structure of the hairpin
inhibitors (Table 2.1-2.3) and their potency. These are depicted in Figure 2.9 and are
summarized as follows.

Sequence modifications: The 64 hairpin library with varying stem sequences was
tested for RNase H inhibition in fluorescent assays, the results of which are
summarized in Table 2.3. The loop closing base pair was kept as G-C because it has
been shown to be important to thermostability.*2?2 The most potent inhibitor from
this mini-library, L1-53, was 2-fold more potent than the hairpin containing the
original sequence, L1-18. Testing the four most potent hairpins from the screen and
L1-18 in a dose-dependent manner showed potencies above 50 uM. There does not
appear to be any clear trends on the relationship between sequence and RNase H
potency (Table 2.2). However, we noted that seven out of the ten least potent hairpins
are A-U rich.
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Modifications to the stem: Stem composition has a profound effect on potency.
Hairpins with longer stem lengths are more potent inhibitors. The hairpins tested with
the same helix geometry but with varying length can be placed in order of increasing
potency as follows (subscript in the name denotes stem length); X-07 (10 bp stem)>
R¢RRs > R4RR4 > R3RR3 > R;RR; > RjRR; (Table 2.1). Helix geometry is another
property of the stem that was probed through sugar modifications. Hairpins with
stems that adopt A-form helix geometry generally are more potent. Stems containing
2'F-ANA inserts, which assume AB-form helices, showed reduced potency compared
to RNA stems (Table 2.1, X-14), but better potency than the corresponding DNA
hairpin (Table 2.1, X-19). This can be explained from the perspective of the 2'F-
ANA2'F-ANA stem mimicking the helix geometry of the natural RNA<DNA
substrate, as suggested by CD spectroscopy (Figure 2.5). Overall, the most potent

hairpins were those possessing RNA, and modifications that mimic RNA, consistent

with previous studies by our group.*'**
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R,RR, X-05 X-06 X-08
GGAcuu 5'-(15‘51;* u 5'-G G A u 5'—GGA@ ®)
= P L1
E E -éél‘)(‘; ch3'—3'©é>@GGC dT3v_3-é>©@GGc dT3'—3'©©©GG©
> 2 ¢
T T| 5205010005 10 20 30 40 50/ 5 10 20 30 40 50 |5 10 20 30 40 50

Sr

clp

c2p

Figure 2.7. Example of a gel-based assay used to evaluate the inhibitory potency of
various RNA hairpin inhibitors towards the polymerase independent RNase H activity
of HIV-1 RT. Circled residues indicate 2'F-RNA insertions. Note the change in
cleavage pattern by X-08. Arrowheads indicate the substrate (s), first cleavage
product (c1) and second cleavage product (c2).

62



Termini modifications: Modifications on the 3' terminus of hairpins with a
reversed dT gave surprisingly greater potency for all hairpins. For example, X-10 is
over three times more potent than R¢RRg (Table 2.1, entry 11 vs. 1). This is
remarkable given that the only difference is a terminal 3'-3'-linked dT unit. Although
these results are difficult to explain, we note that RNase H activity of HIV-1 RT can
be influenced by positioning to different ends of the primer-template.”” It is not clear
if RT can recognize the presence of two 5'-termini in light of the 3'-3' linkage, or that
it binds better to the RNA-DNA junction, or simply that the extra nucleotide places
itself in a binding pocket.

Conjugation of cholesterol to the 5'-end of hairpins also had a profound effect on
inhibitory potency towards RNase H. All hairpins with cholesterol conjugates were
better inhibitors than their non-cholesterol counterparts. Adding a cholesterol on the
5'-end increased the potency by 20-100 fold. The most potent of all hairpins tested are
the cholesterol containing hairpins X-10-C (RNA duplex) and X-20-C (2'F-ANA
duplex), with ICsy values of 0.18 uM and 0.30 pM, respectively. It is unlikely that
these effects are due to the cholesterol moiety alone since RNase H activity was
unchanged in the presence of saturating concentrations of cholesterol (2 uM). In
addition, RNA*DNA hybrids bearing 3' terminal cholesterol conjugations have

previously indicated no change in RNase H activity.**?
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Figure 2.8. Results from a fluorescent RNase H assay. The blue curve represents the
inhibition profile of the control RNase H inhibitor DHBNH.
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Loop modifications: Replacement of the Ul loop residue with 2'F-rU led to an
increase in potency. This trend was observed in two instances (Table 2.1), when
comparing hairpin X-5 with X-6 (> 2 fold increase) and X-14-C and X-20-C (5 fold
increase). If three 2'F-rN units are incorporated in the tetraloop (U1, U2, and C3),
both T, value and potency of the hairpin are compromised (X-8 vs. X-6, Table 2.1)
and a different RNase H cleavage pattern is observed (Figure 2.7). At lower
concentrations of X-8 (10-20 uM, Figure 2.7), the proportion of 10-mer to 14-mer
cleavage products increases in a concentration dependant manner. Only after
observing this change in cleavage pattern does inhibition appear. The reason for this
interesting phenomenon is unclear. It does not seem to be related to the changes in the
helix geometry of the stem as CD spectra showed no significant changes in helix
structure from unmodified controls. Changes in RNase H cleavage patterns have been
observed in other instances, notably with NNRTI binding * or with modifying the

substrate for base-modified nucleotides.?®*

RsRRs
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X-20
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X-13
X-18 ]
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Hairpin Inhibitor
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Figure 2.9. Graphical representation of the potency towards HIV-1 RNase H activity
and the nature of the chemical modifications on nucleic acid hairpins. The
unmodified RNA hairpin R¢RRg is indicated with a grey bar. All other hairpins were
modified with at least a terminal 3'3'-linked dT unit.
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2.2.5 Mechanistic studies using site-specific footprints

The following site-specific footprinting studies were designed to provide
mechanistic information on the RT-substrate binary complex in the presence of
hairpins. In traditional footprinting experiments, hydroxyl radicals destroy the nucleic
acids that are exposed to solvent leaving the protected portion bound by a nucleic acid
binding protein intact. Iron and peroxynitrite mediated footprints on HIV-1 RT work
by producing site-specific cuts on the template strand of the nucleic acid substrate.””
The peroxynitrite-mediated method uses the thiol group on cysteine 280 in the thumb
domain of HIV-1 RT to generate a sulphur radical that cuts the template 8 residues
upstream from the nucleotide binding site (Figure 2.10A). The iron-mediated method
introduces Fe*" in the divalent cation binding site in the RNase H domain of HIV-1
RT, located 18 nucleotides away from the nucleotide binding site.’” At low
concentrations of iron, the generation of hydroxyl radicals is localized only at the
RNase H domain (Figure 2.10B). Both methods rely on the template being in close
proximity to the site where the hydroxyl radicals are generated and thus the presence

of a footprint indicates that the substrate is binding at these specific locations on HIV-
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Figure 2.10. Depiction of the location and conditions used to obtain site-specific
footprints. Footprints are generated by cuts (orange lightning) on the 3'-**P-
radiolabeled template strand (orange strand, 57-nt long) duplexed to a DNA primer
(red strand 20-nt long). The polymerase active site is between the fingers and the
thumb subdomains (cyan). A. Peroxynitrite-mediated footprinting forms a thiol
radical at cysteine 280 in the thumb domain (red circle). A denaturing PAGE showing
the footprint is depicted at the right (orange arrow). B. The iron-mediated footprints
are obtained by Fe** binding to the divalent cation binding site (green circles) in the
RNase H domain (magenta). A denaturing PAGE showing the footprint is depicted at
the right (orange arrows).
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1 RT. Using these methods, we verified if the hairpins could disrupt these nucleic
acid-protein interactions by the disappearance of the footprints.

The primer-template used in these studies is derived from the viral polypurine
tract. This region is resistant to RNase H degradation and is necessary for + strand
initiation in the viral life cycle. This property enabled us to study the interactions of
hairpins with both RNA*DNA and DNA*DNA primer-template RT substrates. Both
footprints showed different levels of attenuation in the presence of hairpins (Figure
2.11). None of the hairpins tested disturbed the peroxynitrite-generated footprint up
to 100 uM. In contrast, even hairpins that inhibit RNase H activity weakly were able
to show concentration dependant disruption of the footprint generated at the RNase H
domain when using the iron method. The relative attenuation of the disruption of the
Fe"-mediated footprint correlates with the potency of hairpins. R4RRy4 had previously
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Figure 2.11. Denaturing gel of a site-specific footprinting assay using both methods
on a modest (RsRR;) and a very weak (D;RD,;) RNase H inhibitor. The iron-
mediated footprints generated on the DNA template migrate faster, while KOONO
mediated footprints migrate slower. Iron-mediated cuts are attenuated by the presence
of hairpins while KOONO mediated cuts persist.
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been shown to modestly inhibit RNase H activity, while its DNA stem derivative
D4RD, was shown to inhibit poorly*** and the iron footprints correlate with this trend.

We verified how other hairpins of varying potency affect the iron-mediated
footprints as illustrated in Figure 2.12. Second generation hairpins incorporating a
terminal 3'3'-linked dT unit and incorporations of 2'F-RNA nucleotides also disrupted
the iron footprint in correlation to their RNase H potency. A very long stemmed
hairpin (X-07) completely abolished footprints at 5 uM while shorter hairpins showed
complete removal of footprints at 25 uM. The only exception to this trend of
footprint attenuation correlating to RNase H potency was with the cholesterol
conjugated hairpins. Although they showed significantly greater RNase H inhibition
in both gel-based and fluorescence assays, the attenuation to the footprint pattern was

the same as that of their non-cholesterol containing variants.
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Figure 2.12. 8% denaturing PAGE analysis of iron-mediated site-specific footprint of
HIV-1 RT (arrow) in the presence of different concentrations of hairpins. Hairpins
that were best at attenuating footprints were also more potent towards HIV-1 RT
RNase H activity. The concentration of hairpin in uM is indicated below the triangles.

Experiments where the double-stranded DNA substrate is replaced with an
RNA-DNA PPT primer-template to more accurately mimic the complex formed
during RNase H cleavage were performed. Footprints were attenuated to the same
extent as with the DNA-DNA primer-template. However, the intensity of the footprint
with the RNA-DNA primer template was less prominent than with a DNA*DNA
substrate (Figure 2.12). We also tested whether the order of adding the substrate and

hairpins to RT, or adding both simultaneously, affected the footprints with no changes
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being observed. Experiments attempting to generate an iron footprint on a **P-labeled
RNA hairpin inhibitor failed to generate any cuts. We cannot ascertain if this is
because the hairpins are binding away from the RNase H domain, or the helical
trajectory of the hairpin backbone is at an unfavorable distance from the Fe*" cut site.
A secondary cut was also observed in the iron footprints. It had initially been
assumed that these secondary cuts were due to sequence-specific cleavage from the
free-radical induced Fe*" reaction on the template or from Fe® ions binding in the
Mg*" binding pocket in the polymerase domain’s active site. This may not be the
case since it has been observed that RNA hairpin inhibitors are capable of
suppressing this cut to the same extent as the major Fe footprint (Figure 2.11 and
2.13). Since there is an excess of HIV-1 RT relative to primer-template, we believe
that a second enzyme binds to the substrate and an iron-mediated cut occurs also in

this other RNase H active site, and thus is also suppressed by the hairpins.
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Figure 2.13. Comparison of iron-mediated site-specific footprints with an RNA
primer and a DNA primer on a DNA template in the absence and presence of Mg?*
ions and increasing concentrations of hairpin X-10 (0.5, 1, 2.5, 5, 10 and 25 uM).
Primary footprints are indicated by black arrows, and secondary footprints are
indicated by grey arrows. The extent of the attenuation of the footprint is roughly the
same regardless of the nature of the primer.

2.2.6 Strand transfer assays
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It is a major challenge to develop compounds that block the RT-associated RNase
H activity in a highly specific fashion without affecting the polymerase active
center.® Such compounds, if found, could in principle be used in combination with
existing NRTIs and/or NNRTIs in order to maximize synergistic effects.
Unfortunately, compounds that inhibit the RNase H activity of HIV-1 RT in cell-free
assays may also block the RT-associated polymerase activity, and, as a consequence,
these compounds could diminish the beneficial effects of both classes of existing RT
inhibitors. We thus probed the effects of the hairpins on the other steps of reverse
transcription.

The strand transfer assay illustrated in Figure 2.14 follows several steps of reverse
transcription including RNA-dependent DNA polymerase activity (RDDP), RNase H
activity, removal of the remaining RNA template from the primer, binding of the
acceptor DNA template to the primer and DNA-dependent DNA polymerase activity
(DDDP). Figure 2.14 illustrates that increasing the concentration of RNA hairpin X-
10 causes a build-up of the initial primer (P) and consequently the production of less
final product (2). X-10 did not significantly affect the conversion of product (1) to
product (2) as the ratio of these two remained approximately 3:1 until the highest
concentration of hairpin was added (Figure 2.14, 60 uM). This suggests that X-10
inhibits the RDDP activity, but does not greatly disrupt DDDP activity. However, this
does not necessarily indicate that the hairpins outcompete the DNA-RNA primer-
template more than the DNA-DNA primer-template for the polymerase active. Work
by others has shown that DNA-RNA hybrids bind tighter to HIV-1 RT than
DNA-DNA  primer-templates.?’*  Furthermore, the site-specific footprinting
experiments indicated that the primer-template is still bound to the polymerase active
site in the presence of hairpins, suggesting they are not directly competing for this
site. We also note that the reduced RDDP is not associated with increased pausing of
polymerase activity, as none was detected (Figure 2.14). Recent single-molecule
fluorescence studies demonstrated that RT can toggle between polymerase and RNase
H binding modes with DNA-RNA primer-templates, but only assume a polymerase
binding mode with DNA-DNA primer-templates.”>?’> A possible mechanism of
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Figure 2.14. Strand transfer assay in the presence of increasing concentrations of
hairpin X-10. The initial primer (indicated by a red P on the gel, red line in the
scheme) is annealed to the RNA template (black in scheme). The first product from
the RDDP activity (indicated by the violet 1 on the gel, violet line in scheme) a
double-stranded RNA/DNA hybrid processed by the RNase H activity of RT. The
primer is further elongated to the second product (indicated by the blue 2 on the gel,
the blue line on the scheme) after successful strand transfer of the acceptor template.

inhibition where hairpin binding to RT favours the RNase H mode of binding with
DNA-RNA hybrid primer-templates may exist.®® In a separate experiment, we observed that
the RNase H cleavage of the RNA template was not affected by 60 uM of X-10 and was
inhibited by 50% with 60 uM X-10-C. This suggests that the hairpins may have different
potencies for the various modes of HIV-1 RT RNase H activity (DNA 3'-end directed vs.
RNA 5'-end directed vs. internal cleavage).
2.2.7 Polymerase activity and chain-termination assays

In order to further determine whether our RNase H hairpin inhibitors were directly
affecting the DNA polymerase of HIV-1 RT, the effects on the DNA-dependent DNA
polymerase reactions were tested with a 5'-**P-DNA primer-DNA template duplex
(Figure 2.15). We also tested if chain-termination by the anti-HIV drug 3'-azido-3'-

deoxythymidine (AZT) is affected in the presence of our hairpin inhibitors. As shown
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in Figure 2.15, hairpins lacking a 5'-cholesterol had no affect on both DDDP activity
and chain termination up to 50 uM. In sharp contrast, cholesterol conjugated hairpins
significantly compromised DNA polymerase activity. The most potent hairpins for
RNase H activity, X-10-C and X-20-C, caused extensive inhibition of polymerase
activity at 20 uM, and also reduced the rate of incorporation of AZT 5'-triphosphate.
We postulate that the aggregation of 5'-cholesterol moieties may play a role in
polymerase inhibition, discussed further in section 2.3.1. Therefore, it appears that
cholesterol conjugation alters the selectivity of hairpin inhibitors from affecting only
RNase H activity to also affecting polymerase activity. Although this was not the
intention, we are thus presented with the challenge of tuning of the selectivity of
cholesterol conjugated molecules.

A 5’ CGTTGGGAGTGAATTAGCCCTTCCAGTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGA 3’
CAGGGGGGAAAAGAAAATT —“P-5'

32 29 20
B
Polymerase activity only AZT chain termination

20 10 5 25020 10 5 2.5 50 25 13 6.3] 50 25 13 6.3§20 10 5 25|20 10 525

50 25 13 8.3350 25 13 6.
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Figure 2.15. A. **P-labeled DNA primer and DNA template used for the primer
extension assays. Arrows indicate residues where chain-termination was observed.
B. Denaturing gel of primer-extension products in the presence of hairpins with and
without AZT-chain termination.
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2.2.8 UV Cross-linking experiments

To further confirm that the RNA hairpins were binding specifically to the RNase H
domain of HIV-1 RT, and to help determine the exact location of binding, we
conducted hairpin-RNase H cross-linking assays. In a typical cross-linking
experiment, the protein is covalently attached to a nucleic acid of interest, the
resulting protein-nucleic acid adduct degraded by proteases, and the peptide
fragments generated are identified by mass spectrometry. In our assays, cross-links
were initially obtained by irradiating various 5'-32P-labeled hairpins or a control 17-nt
dT homopolymer with UV light with either HIV-1 RT or an active isolated RNase
H domain. Typically, the isolated RNase H domain of HIV-1 RT does not retain
activity, but adding a basic containing loop from E. coli RNase H domain restores
activity with Mn®" ions.” Hairpins of 6-bp in the stem and the control dT 17-mer
were successfully cross-linked to both the intact HIV-1 RT and the isolated RNase H
domain (Figure 2.16 and 2.17). Shorter hairpins, such as those containing LNA in the
stem (Si-02, S0-09, Si-10 and Si-13), did not cross-link to either enzyme. Based on
the MW ladder, cross-links on HIV-1 RT appear to be on the p66 subunit, which is
consistent with our previous observations.?** Unfortunately, the yield of cross-linked
to uncross-linked nucleic acid was extremely low, as observed by autoradiography,

sufficient material could not be obtained for trypsin/MS analysis.

X-20 (X-14 (| X-17 ||[dT 17| | Si-02|| Si-09(| Si-10|| Si-13
+uvhuv (|+uviuv|+ uviuv ||+ uviuv| [+ uviuv] |+ uviuv| |+ uviov| |+ uvioy

-
50kDa— -

35kDa—

Figure 2.16. UV cross-linking of HIV-1 RT to hairpins using 260 nm light.

X-20 (X-14 || X-17 ||[dT 17| | Si-02|| Si-09| Si-10| Si-13
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Figure 2.17. UV cross-linking of the isolated RNase H domain of HIV-1 RT to
hairpins using 260 nm light.
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With the aid of a phenyl azide photo-affinity label conjugated to the 5'-termini of the
hairpin, we were able to obtain cross-links in higher yields. Under UV3gs light, the
phenyl azide turns into a reactive nitrene that can form covalent adducts with
nucleophilic amino acid residues on the protein such as lysine.”® Conjugating the
hairpins with phenyl azide was easily achieved in aqueous buffer and in a site-
specific manner by modifying one of the phosphodiester (PO) linkages into a more
nucleophilic phosphorothioate (PS) (Figure 2.18). When both PO and PS linkages

28 10 generate the

are present, only the latter reacts with p-azidophenacyl bromide
oligonucleotide alkylated with the photoreactive group at a defined position. Thus, we
synthesized four hairpins derived from X-14 that contain the phenyl azide at different
positions along the oligonucleotide backbone (Figure 2.18). This way, should the
hairpin bind to its target in a specific orientation we hoped to generate cross-links on
different parts of HIV-1 RT or the active isolated RNase H domain. Hairpin X-14
p-azidophenacyl bromide phosphorothioate oligonucleotide
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Figure 2.18. Synthesis of hairpins containing a photoreactive phenyl azide. Legend:
lower case, DNA. underlined, 2'-5' RNA. italics, 2'F-ANA.
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was a suitable candidate for alkylation with the phenyl azide because it showed good
inhibition in vitro, generated the most cross-links without the aid of a photoreactive
group, and contains a 2'F-ANA stem that lacks 2'-hydroxyl groups, thus leading to
more stable phosphotriesters. This last point was confirmed by our inability to
synthesize a variant of X-14 alkylated in the 2'-5' RNA loop of the hairpin,
presumably due to 3'-OH mediated cleavage of the vicinal 2',5'-phosphotriester
linkage. In this case, the products obtained after alkylation were that of a hairpin
truncated at the site of the phosphotriester as confirmed by HPLC and MS. While a
solution to this problem would be to introduce the 2'-O-Me or 2'-deoxyribose
modification in the loop or the stem region, e.g. hairpins X-10 or X-17, these
modifications severely impair the potency of RNA hairpins towards RNase H.?*

The two hairpins with the photoreactive group at their termini, X-14-a and X-14-e,
generated the highest yielding cross-links (50%) with the isolated RNase H domain as
determined by SDS-PAGE and Coomasie blue staining (Figure 2.19). Variants of
both X-14-a and X-14-e that were not alkylated with phenyl azide did not generate
cross-links. No cross-links were detected when the photoreactive groups were placed
in the stem region. In order to verify that cross-linking was specific to RNase H, we
incubated X-14-a with either lysozyme or the homeodomain protein PBX under the
same conditions. No higher molecular weight species which would signify the
production of cross-links was detected. We next attempted to cross-link X-14-a and
X-14-e to the intact HIV-1 RT enzyme (Figure 2.20). When HIV-1 RT and hairpins
were mixed and allowed to react (1:40 enzyme/hairpin ratio), multiple cross-links
were generated with both the p51 and p66 subunits. This would suggest that more
than one point of contact and/or binding site exists for the RNA hairpins. We found it
necessary to decrease the ratio of hairpin to protein by eight fold (i.e., 5:1) to resolve
the major products and excise these bands for mass analysis. Based on four
experiments, three slower moving bands appeared above the p66 band, (the middle
band being the most abundant), and two slower moving bands above p51 (the lower
band being most abundant). In general, X-14-e seemed to generate more cross-links
than X-14-a (Figure 2.19 and 2.20).
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Figure 2.19. UV photo cross-linking of the isolated RNase H domain of HIV-1 RT to
hairpins conjugated to a phenyl azide moiety under 366 nm light. The slower moving
bands in lanes X-14-a and X-14-e correspond with the weight of the RNase H domain
bound to the hairpin (16.6 kDa + 5.6 kDa = 22.2 kDa) according to the Rainbow™
MW marker.
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Figure 2.20. UV photo cross-linking of HIV-1 RT to hairpins conjugated with phenyl
azide under 366 nm light. Multiple lower mobility bands appear above the
unconjugated p51 and p66 domains. Based on the appearance of bands over 75 kDa
mMW marker, it is assumed that two or more hairpins cross-linked to the p66 domain
under these conditions (66 kDA+ 2 X 5.6 kDa = 77.2 kDa).



2.2.9 In-gel Digest and Mass Analysis

The HIV-1-RT-hairpin and RNase H-
hairpin cross links were subjected to in-gel
digestions by incubating the gel slices to a
solution of trypsin or chymotrypsin for 16
hours at 37 °C. The peptide fragments were
eluted from the gel by immersing the gels in
acetonitrile. The mass of the eluted peptide
fragments were determined by Maldi-Q/TOF
MS. The only samples with peptides that
corresponded with the simulated digests with

peptidases were those containing the isolated Figure 2.21. Structure of the isolated
RNase H domain with the histidine
containing loop highlighted in
Roughly 50% of the peptides from the yellow.

RNase H domain treated with trypsin.

simulated trypsin digest were observed by MS. We then compared the trypsin digest
of the unmodified RNase H domain with the cross-linked samples. In the cross-linked
samples, the most abundant fragments (MW= 1713) showed a decrease in relative
abundance compared to the second most-abundant fragment (Figure 2.23). Assuming
that this fragment is involved in cross-links with the hairpin molecules, the mass
corresponds to the peptide fragment that includes the histidine containing loop of the
RNase H domain,”® close to the catalytic site in the folded enzyme (Figure 2.22).
Although we were unable to directly observe the resultant MS peak that would
support the hypothesis that the hairpins cross-link to the histidine containing peptide
fragment, we note that both X-14-a and X-14-e gave the same fingerprint pattern.
Since an additional appendage was incorporated into X-14 (to afford either X-14-a
and X-14-e), one could argue that we may have created a bias for the enzyme to bind
more favorable to these conjugates. Future experiments should examine the effect of
these conjugates, the 5'-cholesterol hairpins, and other terminal phosphate
modifications on binding and inhibitory activity against RNase H. Unfortunately, the
cross-link experiments depleted all X-14-a, X-14-b, X-14-d and X-14-e such that

insufficient material remained to carry out inhibition assays. We also recognize that
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deducing binding sites based on the decrease of peak intensities is ambiguous,
therefore obtaining MS data of the peptide-nucleic acid conjugate itself will be

necessary to unequivocally identify the binding site of the hairpins.
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Figure 2.22. MS analysis peptides obtained from in-gel trypsin digests of the isolated
RNase H domain of HIV-1 RT. The top spectrum is the RNase H domain cross-
linked with hairpin X-14-a, the middle spectrum is the RNase H domain cross-linked
with hairpin X-14-e, and the bottom spectrum is the unconjugated RNase H domain.

The arrow indicates the peak corresponding to the histidine containing loop.

2.2.10 NMR of RNase H and hairpins

We attempted to use protein NMR to measure the binding affinity of the isolated
RNase H domain of HIV-1 RT with a hairpin. The active isolated RNase H domain
from wild-type HIV-1 RT maintains proper folding but is not functional. An **N-
labeled sample of the same active recombinant RNase H domain of HIVV-1 RT used in
the cross-linking experiments was obtained from Dr. Michael A. Parniak from the
University of Pittsburgh. This enzyme harbors the basic loop of E. coli RNase I and is
catalytically active in the presence of Mn®" " The potency of various hairpins towards
the activity of this enzyme showed similar trends to the full HIV-1 RT; hairpins with

longer stems are better inhibitors, and cholesterol conjugated hairpins show the most
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potency. Our goal was to follow the 2-D 'H-'"N heteronuclear single quantum
coherence (HSQC) spectrum of the recombinant RNase H protein with increasing
amounts of hairpin X-10-C. Peaks in the NMR spectrum that shift position are
believed to interact with the nucleic acid. The 2-D 'H-">N HSQC spectrum of the
recombinant RNase H prior to adding any hairpin is depicted in Figure 2.23A. This
spectrum looks similar to that of the unmodified RNase H domain,?” with extra peaks
originating from the basic loop of E. coli RNase H I. One equivalent of hairpin X-10-
C was added to give the spectrum shown in Figure 2.23B. This spectrum is
dramatically altered with most peaks grouped in the same region, greatly resembling
an aggregated or denatured protein. We verified that this was not due to variations in
pH or salt concentration in the sample containing the hairpin. We were able to
remove X-10-C from the protein by washing with phosphate buffer (80 mM, pH 7.0)
through a 10 kDa Microcon molecular weight cut-off centrifugal filter. The resulting
NMR structure closely resembled the protein prior to adding hairpin. Next, two non-
cholesterol containing hairpins were titrated with the recombinant RNase H domain,
X-10 and X-07. In both cases, there were no changes in the NMR spectra titrated with
up to 10 equivalents of X-10 and 6 equivalents of X-07. Since the sample preparation
of all hairpins was the same, we can conclude that the aggregation in Figure 2.23B is
due to the cholesterol moiety on X-10-C, as its non-conjugated homologue had no
effect on the NMR spectrum. We then subjected X-10 and X-10-C for dynamic light
scattering (DLS) analysis at similar concentrations used in the NMR experiments. X-
10 did not show any scattering, whereas X-10-C showed the presence of particles
100-300 nm in diameter with a polydispersity index (PI) of 1.8 and 3.5 at 80 uM and
20 uM concentrations respectively. Although X-07, X-10 and X-10-C all exhibited
potency for the RNase H activity of the isolated RNase H domain, clearly, the
unconjugated hairpins are very weak binders under the NMR conditions. Studies have
shown that most of the contacts between the primer-template of HIV-1 RT occur
away from the RNase H domain.?”* Therefore, it should come as no surprise that
nucleic acids have difficulty binding to the isolated RNase H domain. Furthermore,
we note that the conditions in the inhibition assays use Mn? as the divalent cation,

whereas NMR experiments were conducted in a buffer containing Mg?* ions. Mn?* is
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paramagnetic and incompatible with NMR as it disrupts the acquisition of the other

nuclei. Future experiments will titrate the natural RNA*DNA substrate with the

recombinant RNase H domain to verify proper NMR conditions where nucleic acid-

protein contacts are made.
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Figure 2.23. 'H-"N HSQC NMR spectra of the recombinant RNase H domain of
HIV-1 RT. A. 0.6 mM RNase H in the absence of hairpin inhibitors in a buffer
consisting of 25 mM Tris-HCI pH 6.8, 25 mM NaCl, 5 mM MgCl, and 10% D,0. B.
Identical conditions to A but with 1 equivalent of X-10-C
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2.3 Conclusion and Future Directions
2.3.1 Conclusions

The RNA hairpins described herein offer some interesting properties for the
purpose of targeting the RNase H activity of HIV-1 RT as an antiretroviral agent. Just
as chain-terminators compete with natural dNTPs in the polymerase domain, we
designed nucleic acid hairpins that compete with the RNA-DNA substrate of the
RNase H domain of HIV-1 RT. This work shows that hairpin structure can be tuned
to enhance their nuclease stability, potency and modulation of the RNase H cleavage
pattern. Preliminary nuclease stability assays on some hairpin inhibitors confirmed

previous reports®®

that, even in the native (unmodified ribose) form, they are highly
stabilized against serum nucleases. The thermostability of hairpins does not appear to
be directly related with their potency towards RNase H. Based on the melting
temperatures, most hairpins should be in the duplex form at physiological conditions.
The degree of inhibition appears to correlate with helix conformation; an A-type
helical arrangement shows greater potency for RNase H activity. The greatest
advantages displayed by chemically modifying the stem/loop region of hairpins were
with RNase H potency. Modifying the hairpin loop at the U1- position by a 2'F-rU or
LNA residue (X-17, X-18 and si-12) did not affect the 7., however, in some
instances it increased the potency towards RNase H (X-06 and X-20-C). Interestingly,
adding more 2'F-rN nucleotides in the loop (X-8) lowered the T}, but modulated the
RNase H cleavage pattern.

Another modification that showed marked benefits to the potency of the hairpins
was the addition of a reversed 3'3'-linked dT unit. This single modification alone
increased the RNase H potency of otherwise unmodified hairpins (e.g., R4RR4 and
R6RR¢). This observation suggests that just like the natural RNase H substrates, the
terminus may play a role on catalysis or the mode of binding to HIV RT. The
modification with the greatest impact to thermal stability and potency was a 5'-
cholesterol unit. Although our intent with this modification was on making hairpin
inhibitors more cell-permeable and more resistant towards 5'-exonucleases, we

observed in all cases a dramatic enhancement in hairpin potency and thermal stability

(ATwm > 20°C). Site-specific footprinting experiments showed that hairpins likely
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disrupt protein-nucleic acid interactions at the RNase H active site and not in the
polymerase domain. This appeared to also be the case for the cholesterol-conjugated
hairpins.

The most potent cholesterol-hairpin conjugate, X-10-C (ICso = 0.18 uM), matched
the potency of a well known RNase H inhibitor (DHBNH).>*® This somewhat
contrasts previous reports showing that cholesterol-oligonucleotide DNA conjugates
lower infectivity of HIV-1 by inhibiting both RT polymerase activity and entry of the
virus particle into the cell,'’"**® with very little impact on RNase H activity. We
observed that cholesterol conjugation also inhibited HIV-1 RT’s DNA polymerase
activity, albeit to a lesser degree. Dynamic light scattering experiments suggest that
cholesterol-hairpin conjugates aggregate, and hence their mechanism of action may
differ from that of unconjugated inhibitors. NMR experiments demonstrated that the
isolated RNase H enzyme aggregates in the presence of X-10-C. Therefore we
propose that cholesterol conjugated hairpins follow a “dual” mechanism of action.
The non-polar cholesterol moieties would aggregate together, whereas the hairpin
component binds to the RNase H active site like their non-cholesterol analogues. The
formation of this hairpin-RNase H “aggregate” could then explain why the site-
specific footprint binding assays showed that cholesterol and non-cholesterol hairpins
bind to the RNase H domain to the same extent despite differences in potency. This
aggregation in turn would also disrupt RNase H activity, in addition to polymerase
activity to some degree as indicated by our primer extension assays.

From these observations we propose a binding model containing HIV-1 RT, the
primer-template substrate and the hairpin inhibitors as illustrated in Figure 2.24. We
propose that the short hairpins are binding to RT in such a manner as to change the
trajectory of the primer-template so that it no longer passes in proximity to the RNase
H active site. Recent studies suggest that RT is unable to simultaneously engage the
primer-template at both the polymerase active site and the RNase H domain.”® As RT
exhibits tighter binding events with the primer-template close to the polymerase
site,””" the RNase H domain would be free to bind the hairpins. The site-specific
footprinting experiments support this model, and have proven a useful method for

elucidating the status of primer-template-RT interactions at the two catalytic
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domains.®*™ For this reason, elucidating the precise location where the hairpins bind
to RT, through techniques such as NMR and UV cross-linking/MS, will help validate
our model. We are aware that even though the hairpins disrupt RNA-dependent DNA
polymerase activity, this does not necessarily mean they bind at the polymerase

domain.

Primer

Figure 2.24. Cartoon depicting the binding of a DNA primer-DNA template bound to
HIV-1 RT and the effect of adding RNA hairpins to the trajectory of the double-
stranded substrate.
2.3.2 Future work

We have demonstrated through chemical modifications, we can improve the
potency of short nucleic acid hairpins against the RNase H activity of HIV-1 RT, with
varying consequences on selectivity against polymerase activity. Hairpins with
dangling 3-3' linkages as well as natural 5'-3' linkages should be further investigated
given that a single dangling reversed thymidine greatly increased potency perhaps by
directing binding to RT in a similar manner as a DNA-RNA substrate duplex. As
controls, circular RNAs or RNA dumbbells could help assess the importance of the 5'
and 3' termini on the recognition and selectivity for the polymerase activity. These
structures would be shorter versions of the long RNA dumbbells previously
demonstrated by our laboratory to be more potent than RNA hairpins against RNase

H activity, with minimal inhibition of polymerase activity.**'

A study of the termini
should also compare the potency and selectivity of hairpins containing 5' and 3'
phosphates. Finally, a more thorough study of loop modifications may reveal other

increases in potency or changes in RNase H cleavage patterns.
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Future work should also focus on supporting (or disproving) our hypothesized
model of hairpin-RNase H binding (Figure 2.24). Single-molecule FRET has recently
been employed to probe the orientation RT binds on the primer-template.”*>*"* This
method could presumably be used to localize where the hairpins bind on HIV-1 RT.

We attempted to address this question by cross-linking the hairpin with HIV-1 RT,
but the results were inconclusive as we were unable to directly detect the mass of the
peptide-hairpin adduct. To work around this problem, one could treat the hairpin-
HIV-1 RT adducts first with aqueous base, and then with trypsin/chymotrypsin. The
RNA portion would be degraded under the basic conditions to generate the RT bound
to a single 5'-phosphate-ribonucleotide-2',3'cyclic phosphate residue. Digestion with
trypsin/chymotrypsin would then generate peptide fragments, one of which will be
attached to the nucleoside diphosphate. This peptide-phosphate-ribonucleotide-
phosphate fragment would contain fewer negative phosphates which would make it
much easier to analyze by MS. Hopefully this will allow for ready identification of a

peak(s) that “moves” or “disappears” rather than “diminishes” in the mass spectrum.

2.4 Experimental methods

Chemicals and solvents were ACS grade or higher and were purchased from
Sigma-Aldrich or Thermo-Fisher. Autoclaved Millipore water treated with
diethylpyrocarbonate (DEPC)** was used to manipulate RNA and prepare aqueous
buffers.
2.4.1 Synthesis of cholesterol phosphoramidite

The cholesterol phosphoramidite was prepared as previously described.” A 50
mL round bottom flask containing cholesterol (1 g, 2.6 mmol) was evacuated on high
vacuum overnight, purged with argon, and dissolved in freshly distilled DCM (10
mL). Dry diisopropylethylamine (1.3 mL, 7.5 mmol) and diisopropylamino-(2-
cyanoethyl)-phosphoramidic chloride (625 uL, 2.7 mmol) were added and the
reaction was stirred for one hour. At the end of this time, the reaction was washed
with 5% NaHCOs, extracted with DCM and dried over sodium sulphate and loaded
on a silica gel column neutralized in 2.5 % triethylamine in hexane. The purified

phosphoramidite diastereomer was eluted in 6:4 hexane-ethyl acetate, rotary
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evaporated and dried overnight on high vacuum to give the product as a thick white
oil (1.35 g, 89 % vyield). *P NMR (200 MHz, CDsCN) &= 146.3 (d, 2P) ppm. ESI-
TOF: m/z 587.6 [M + H]"

Cl o.__0O
- P
Diisopropylethylamine N
BeM hiad
1h
Cholesterol 89 % Cholesterol phosphoramidite

Scheme 2.1. Synthesis of cholesterol phosphoramidite from cholesterol.

2.4.2 Synthesis and purification of oligonucleotides

Unmodified DNA, RNA and 2'-5' RNA amidites, 3'-phosphate-ON CPG, 5'-
phosphate-ON reagent and 3'-fluorescein CPG were purchased from Chemgenes
(Cambridge, MA). 2'-F RNA and FANA amidites were obtained from Rasayan Inc.
Solid-phase oligonucleotide synthesis was performed on an Applied Biosystems ABI
3400 synthesizer using previously published methods.?> A 0.1 M solution of 3-
amino-1,2,4-dithiazole-5-thione (ADTT) in dry acetonitrile was the sulfurizing
reagent used to form phosphorothioate linkages.”® Half the CPG from the
synthesized hairpins were cleaved from the solid support while the other half was left
on the synthesizer for an extra coupling with the cholesterol phosphoramidite with a
coupling time of 30 minutes in distilled dichloromethane to a final concentration of
0.10 mM of the amidite. Oligonucleotides were purified on 24 % preparative
denaturing PAGE using an SE600 gel apparatus or by anion-exchange HPLC on a
Waters PROTEIN-PAK DEAE 5PW (7.5 x 150 mm) HPLC column and Waters 1525
dual pump HPLC (Waters) using a 0-30% gradient of 1M LiCIO,4 in water in 30
minutes. Purified samples were desalted by size exclusion chromatography on G-25
Sephadex (GE-Healthcare) and quantified spectrophotometrically using a Cary 300

Beckman spectrophotometer. Purified oligonucleotides were confirmed by ESI-TOF
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MS at the Concordia University Mass Spectrometry facility (Table 2.4). Primers and
templates for footprint and chain-extension assays were purchased from Invitrogen.
LNA containing oligonucleotides described in Table 2.2 were prepared by Signe
Inglev Stefanssen. The hairpins of various stem length described in Table 2.3 were
synthesized by the University of Calgary DNA Lab Services.

Table 2.4. Selected ESI mass spectral data of hairpins in the current study.

Mass Mass
Entry  Code Sequence calculated observed

1 X-10 5'- GUGGAC UUCG GUCCAC - 3'3'dT 5377.3 5390.2
2 X-11-C  chol - 5- GUGGAC UUCG GUCCAC - 3'3'dT 5825.9 5855.9
3 X-13 5'- GUGGAC UUCG gtccac - 3'3'dT 5403.3 5401.8
4 X-14  5'- gtggac UUCG gtccac - 3'3'dT 5429.3 5427.5
5 X-17 5'- GUGGAC TUCG GUCCAC - 3'3'dT 5395.2 5391.8
6 X-18 5'- GUGGAC TUCG GUCCAC - 3'3'dT 5403.3 5401.7
7 X-19  5'- gtggac UUCG gtccac - 3' 4873.2 4910.7
8 X-20  5'- gtggac UUCG gtccac - 3'3'dT 5447.3 5443.3
9 X-20-C  chol - 5'- gtggac UUCG gtccac - 3'3'dT 5895.9 5892.2
10 X-21 5'- GAUCAC UUCG GCCUGG - 3'3'dT 5377.2 5376.0
11 X-14-a  phenylazide-pS-5'- gtggac UUCG gtccac - 3'3'dT 5684.5 5682.7
12 X-14-e  5'- gtggac UUCG gtccac - 3'3'dT-pS-phenylazide 5684.5 5682.5

Legend: UPPER CASE, RNA; lower case, DNA; UNDERLINE, 2'-5' linked RNA;
BOLD, LNA; italic lower case, 2'F-ANA; ITALIC UPPER CASE, 2'F-RNA; 3'3'dT,
3' reversed dT; chol, 5'- cholesterol.

2.4.3 Thermal denaturation studies

Thermal denaturation curves were obtained on a Cary 300 Beckman
spectrophotometer equipped with a 6 X 6 multi-cell block Peltier adapter under a
stream of nitrogen. 0.5 OD units were dissolved in a phosphate buffer (10 mM
NaPO, pH 7.0), thermally denatured at 95°C for 5 minutes and annealed by slow
cooling to room temperature, followed by storage at 4°C overnight. Thermal
denaturation curves were obtained by monitoring the absorbance at 260 nm during a
temperature change of 0.5 °C per minute, recording points at 1°C intervals from 4°C
to 95°C. The melting temperature values (Tn,) were obtained using the first derivative
method from the Cary UV Software version 2.3. The T, values for LNA containing
oligonucleotides described in Table 2.2 were obtained by Signe Inglev Stefanssen.
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2.4.4 Circular dichroism (CD) studies

Samples for circular dichroism were prepared in the same manner as for the
thermal denaturation studies. CD spectra were obtained using a Jasco 800 circular
dichroism spectrometer. Three scans were acquired at 20°C at a rate of 50 nm per
minute from 350 nm to 190 nm. The data was averaged, baseline-subtracted and
smoothed using the Spectra Manager software provided by the manufacturer.
2.4.5 Serum stability studies

Hairpins of interest (0.4 ODUSs) were suspended in 200ul of 10% FBS in
Dulbecco’s modified Eagle Medium (Invitrogen) and incubated at various times in a
37 °C water bath. Reactions were stopped by removing 30 ul aliquots from the bath
and freezing immediately on dry ice. After all time points were collected, samples
were evaporated to dryness and resuspended in 5 pl of 50% gel loading buffer in
water and loaded on a 24% analytical polyacrylamide gel. Degradation products
were visualized by UV shadowing and Stains-All (Sigma-Aldrich).
2.4.6 Screening for RNase H inhibitors

Wild type p66/p51 HIV-1 RT was prepared as previously described 2. The activity
of HIV-1 RT RNase H in the presence of hairpin inhibitors was tested with a 5'-*P-
labeled 18-mer RNADNA substrate (RNA 5-*P-GAUCUGAGCGGAGCU-3',
DNA 5-AGCTCCCAGGCTCAGATC-3') derived from the gag-pol region of the
HIV-1 genome. Duplexes were formed by combining the RNA and DNA in a 1:1.2
ratio respectively and annealed by heating to 95°C followed by slow cooling to room
temperature. The RNase H reactions were carried out in a Tris buffer (50 mM Tris-
HCI, pH 7.8, 60 mM KCI, 5 mM MgCl,, 0.1 mM DTT and 0.01% Tween-20) with a
final concentration of 5 nM of HIV-1 RT. The buffer containing HIV-1 RT was
added to dissolved hairpin inhibitors and pre-incubated at 37°C for 10 minutes (16 pl
volume), and to this was added 4 pl of the labeled RNA<DNA substrate (50 nM final
concentration) in the same buffer. Reactions were carried out for 10 minutes and
subsequently quenched by the addition of an equal volume of gel loading buffer (98%
deionized formamide, 10 mM EDTA, 0.1 mg/mL bromophenol blue, and 0.1 mg/mL
xylene cyanol) followed by heating to 95°C for 5 min. Cleavage products were

resolved on 16% denaturing polyacrylamide gels and visualized by autoradiography.
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Relative HIV-1 RNase H activity was quantified by densitometry of the
autoradiograph using UN-SCAN-IT v. 4.1 (Silk Scientific Corporation).
2.4.7 RNase H kinetic assays

Kinetic parameters for the RNase H inhibitors were determined using a
fluorescence based assay developed by Parniak and co-workers **. Briefly, a 3"
fluorescein labeled derivative of the same 18-mer RNA substrate used in the gel-
based assays was combined with its 5'-DABCYL modified DNA complement. All
solutions were pre-incubated at 37 °C. Aliquots of 40 pl of substrate, under identical
buffer conditions as those of the gel-based assays, were dispensed into 96-well plates
containing 10 pl of water or hairpins with concentrations varying from 0.1 uM to 100
uM. Reactions were initiated by the addition of 50 pl of HIV-1 RT in the same
buffer but with the addition of MgCl, (5 mM final concentration) and stopped at
various time points by adding 50 pul 0.5 M EDTA. Resulting fluorescence was
measured on a Molecular Devices Gemini XS spectrofluorometer with an excitation
wavelength of 490 nm and an emission wavelength of 520 nm.
2.4.8 Site-specific footprint assays

Site-specific footprints were obtained using a double-stranded DNA primer-
template derived from the polypurine tract (PPT) of HIV-1 RT (primer: 5'-
TTAAAAGAAA AGGGGGGACT-3"; template 5-CGTTGGGAGT GAATTAGCCC
TTCCAGTCCC CCCTTTTCTT TTAAAAAGTG GCTAAGA-3"). The 3'end of the
template strand was *’P-labeled using terminal deoxynucleotidyl transferase (MBI
Fermentas) according to the manufacturer’s protocol. To maximize the footprinting
on the template strand, a ratio of 1:3:6 template to primer to HIV-1 RT (2.7 pmoles,
8.1 pmoles and 16.2 pmoles respectively) was employed. Reactions were carried out
in 20 pl volumes in a 120 mM cacodylic acid-sodium cacodylate buffer (pH 7.0, 20
mM NaCl, 6 mM MgCl,, and 2 mM DTT). HIV-1 RT, hairpin inhibitors and primer-
template substrates were pre-incubated for 10 minutes before Fe’*-mediated and
KOONO-mediated footprints were generated as previously described ®. For Fe*'-
mediated footprints, 4 ul of a freshly prepared 0.5 mM solution of iron ammonium
sulfate was added to each reaction for five minutes. For KOONO-mediated

footprints, 2 ul KOONO was added to each reaction. All reactions were stopped by
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the addition of 100 ul of a solution containing 10% 3M ammonium acetate in cold 2-
propanol and 0.1 pg/ul tRNA. Reactions were subsequently centrifuged for 30
minutes at 13 000 rpm at 4°C. The supernatant was removed and the pellet was
washed with 100 ul 80% ethanol stored at -20 °C. The products were resuspended in
10 pl gel loading buffer and heated to 95 °C for 5 minutes, resolved using an 8%
denaturing polyacrylamide gel and the bands were visualized using autoradiography.
Relative attenuation of footprints by hairpin inhibitors was quantified by densitometry
using UN-SCAN-IT v. 4.1 (Silk Scientific Corporation).
2.4.9 Strand transfer assays

Assays were run according to previously published protocols.?** Briefly, 20 nM
of the 5'-*P-labeled 22-nt DNA primer (5-GCATCTGGGG CTCGCAAATT TG-3)
hybridized to the 40-nt RNA template (5-AGGUGAGUGA GAUGAUAACA
AAUUUGCGAG CCCCAGAUGC) and 400 nM of the 43-nt DNA acceptor template
(5-GAGCTGCTTG AATTCTGCGT ACTAGGTGAG TGAGATGATA ACA) were
pre-incubated at 37°C in a buffer containing 50 mM Tris-HCI pH 7.8, 60 mM KCl,
0.5 mM DTT and 0.01% Tween-20 and 10 nM HIV-1 RT in the presence of hairpin
inhibitors at indicated concentrations. Reactions were initiated by the addition of 1
uM of each dNTP and 6 mM MgClI; (final concentrations). Aliquots were withdrawn
at the indicated times and added to an equal volume of 100 mM EDTA in gel loading
buffer (98% deionized formamide in 10X TBE, 0.1 mg/mL bromophenol blue, 0.1
mg/mL xylene cyanol), heated for 5 minutes at 95°C and resolved on a 16%
denaturing PAGE. Product bands were visualized by autoradiography.
2.4.10 Chain-termination assays

DNA-dependant DNA polymerase reactions were carried out using the 5'-32P-
DNA PPT-20 primer and the DNA PPT-57 template (0.5 pmoles per reaction).
Primer-template substrates were annealed by heating to 95°C in reaction buffer and
cooling to room temperature over two hours. 5uM of each dNTP was added to 20
nM HIV-1 RT in a buffer containing 50mM Tris-HCI (pH 7.5), 60 mM KCI, 2 mM
DTT, and 6 mM MgCl,. Reactions were initiated by the addition of 4 ul of substrate
to a final volume of 20 pl and run for 10 minutes before being stopped by adding an

equal volume of gel loading buffer and heating for 5 minutes at 95°C. Products were
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resolved on 16% denaturing polyacrylamide gels and visualized by autoradiography.
For chain termination assays the previous protocol was used with the exception of
using of 25 mM TTP and 2.5 AZTTP instead of 5 mM TTP.
2.4.11 UV cross-linking experiments

Protein-nucleic acid cross-links were generated by irradiating hairpins with 6-fold
excess protein under UV light for 30 minutes in an ice bath in Tris buffer (50 mM
Tris-HCI pH 7.8, 60 mM KCI, 5 mM MgCl,). Alternatively, higher yielding cross-
links can be obtained with phosphorothioate hairpins alkylated with p-azidophenacyl
bromide 28¢2%2% phosphorothioate containing hairpins were synthesized according
to standard protocols outlined in section 2.4.2. 25 nmoles of a phosphorothioate
hairpin in 40 mM phosphate buffer pH 8.0 was treated with 10 mM p-azidophenacyl
bromide in 50% methanol for 3 hours at room temperature. The mixtures (65 pl final
volume) were then run through a G-25 Sephadex spin column and the alkylated
hairpins were isolated by Reverse Phase HPLC on a Varian Pursuit Cg column (4.6 X
250 mm) using a 0-25% gradient of acetonitrile in 0.1 M triehtylammonium acetate
pH 7.0 in 20 minutes at a rate of ImL/min. The products were confirmed by ESI MS.
All steps were performed under minimal lighting to avoid destroying the reactive aryl
azide. In 1.5 mL microcentrifuge tubes, 2-0.5 nmoles of the alkylated hairpin was
incubated with 50-100 pmoles of protein (HIV-1 RT or its isolated RNase H domain)
at 37°C for 15 minutes in a buffer containing 40 mM cacodylate buffer, 20 mM NaCl
and 5 mM MgCl; (MnCl; for the RNase H domain). Afterwards, the samples were
cooled to r.t., transferred to the inner lids of the microtubes and placed in an ice bath.
The samples were irradiated with UV3ge light from a distance of 3 cm using a
handheld UV lamp (0.2 amps) for 30 minutes. The cross-linked products were
resolved on a 15% SDS-PAGE gel with a Rainbow ™ marker (GE Healthcare) in one
lane, visualized by staining with Coomassie blue or by autoradiography for 5'-*2p-
labeled hairpins, excised into 1 mm cubes and the slices transferred to siliconized 0.6
mL microcentrifuge tubes.
2.4.12 Mass spectrometric analysis of cross-linked products

To identify the peptide fragments that were covalently attached to the hairpins, the

unmodified and cross-linked proteins were treated with protease and subsequently

89



compared by MALDI-TOF MS. Gel slices containing unmodified and cross-linked
proteins were washed twice with 100 pl water and the Coomassie blue destained by
performing three serial washes of 100 ul 50 mM ammonium bicarbonate in 50%
acetonitrile. The gel slices were dehydrated with 50 ul acetonitrile and reduced with
10 mM DTT in 50 mM ammonium bicarbonate for 30 minutes followed by alkylation
with 50 pl of 50 mM iodoacetamide for 20 minutes and washed with acetonitrile.
Proteolysis was achieved by submerging the gel slices (approximately 35 pl) in a
3ng/ul solution of trypsin in 50 mM ammonium bicarbonate for 16 hours at 37°C.
Peptide fragments were extracted with 30 ul of 0.1% formic acid for 30 minutes, and
subsequent washes with 60 pl of 0.1% formic acid in 50% acetonitrile for 30 minutes,
and 0.1% formic acid in 75% acetonitrile for 30 minutes. Samples were evaporated to
dryness in a speed vac, resuspended in 10 ul and passed through a Zip-tip and
analyzed on a Micromass Q-Tof Ultima Global (Waters).
2.4.12 Protein NMR

The recombinant HIV-1 RNase H domain with the basic loop of E. coli RNase H |
was prepared in N enriched media using the plasmid developed by Keck and
Marqusee.”? *H-">"N HSQC experiments were acquired on a Varian INOVA 500 MHz

spectrometer equipped with an H>*®

cold probe and z-axis pulse field gradients. Data
sets were recorded at 25°C, 1024 X 64 data points were acquired with spectral
windows of 8000 Hz (1H) and 1823 Hz (15N). The concentration of the recombinant
RNAse H enzyme was 0.6 mM in buffer containing 25 mM Tris-HCI pH 6.8, 25 mM

NaCl, 10% D,0 and varying amounts of the hairpin inhibitor.
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Chapter 3 Assingle-label phenylpyrrolocytidine
providing a molecular beacon-like
response capable of reporting HIV-1
RT RNase H activity

3.1 Introduction

3.1.1 Development of high-throughput screening methods for the discovery of
HIV-1 RT RNase H inhibitors

As mentioned in the previous Chapter, the ribonuclease H (RNase H) activity
associated with HIV-1 reverse transcriptase (HIV-1 RT) degrades the viral RNA
genome in RNA*DNA hybrids,>* and has been identified as a potential target for
antiretroviral therapy as it is required for virus infectivity;"® yet there are no anti-
RNase H agents in clinical use. The advent of high-throughput screening (HTS)
fluorescent assays has led to the identification of many more RNase H inhibitors than
previously possible through gel based assays.”®*?°>3%%2 The most widely used HTS
assay of this type was developed by Parniak and co-workers,”* which utilizes a two
label, molecular beacon-like strategy®® in which the RNA strand is labelled with a 3'-
fluorophore (fluorescein, F) and a DNA strand with a 5'-quencher (DABCYL, Q)
(Scheme 3.1). Another popular assay monitors the change in size of the RNA

substrate by fluorescence polarization (FP) through a 3-terminal fluorophore.?*

QUENCHED STATE no FRET - EMISSIVE STATE

FRET

RNA 3'-fluorophore

DNA 5’-quencher

Figure 3.1. Representation of a fluorescent RNase H assay using a dual label system
employing a fluorophore and a quencher.

Fluorescent studies involving nucleic acids most often utilize luminescent tags

such as fluorescein or rhodamine sometimes in combination with a quencher such as
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4-(dimethylaminoazo)benzene (DABCYL). However, these probes can be perturbing
to the processes under investigation due to the steric bulk or non-polar groups they
introduce to DNA and RNA. Through our own studies on hairpin inhibitors of HIV-1
RNase H (Chapter 2), we observed that the 5'-DABCYL quencher substantially
reduces the catalytic efficiency for its RNA*DNA substrate as depicted in Figure 3.2.
To address this problem, we directed our attention to the development of an RNase H

assay that would exploit the intrinsic fluorescence of pyrrolocytosine nucleoside

analogues.
RNA-1/ 3'-fluoresceinRNA/ 3'-fluoresceinRNA/
RNA-1/DNA-1 5'DABCYL-DNA DNA-1 5DABCYL-DNA
0___———30] 0 ——— 30|
] o7 oeeeese

e e - - - -

Figure 3.2. Comparison of the HIV-1 RT RNase H catalyzed cleavage of an
unmodified RNA<DNA hybrid (left-most lane) with a 3'-terminated fluorescein on the
RNA and a 5'-terminated DABCYL on the DNA. Reaction progress was monitored
over time (0, 2, 5, 10, 15, 20 and 30 minutes) as indicated.

3.1.2 Fluorescent nucleobase analogues

The use of intrinsically fluorescent nucleotide base analogues offers a less invasive
approach to fluorescence labelling of nucleic acids. The natural nucleobases have
almost no fluorescence emission, and thus do not interfere with the signal of the
fluorescent nucleobases. Using phosphoramidite solid-phase synthesis, a fluorescent
nucleotide can be incorporated at any position on an oligomer without the use of
linkers or post-synthetic modifications. In addition to their small size within nucleic
acids compared to traditional probes, the fluorescence intensity of many base
modified nucleotides are responsive to changes in their microenvironment, making

304

them excellent reporters for nucleic acid structure and dynamics.”™™ Many researchers

are exploiting this property for the detection of single-nucleotide polymorphisms,*®
or as Saito coined the term, base-discriminating fluorescent nucleosides (BDF’s).3%

Aside from their use as a BDF, few fluorescent nucleobase analogues have found
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widespread use as a tool for molecular biology, the adenine analogues 2-aminopurine
(2-AP)*™* and the pteridine base analogues (such as 6MI)**" being historically the
most important (Figure 3.3). Recent work from Tor and others have elegantly
demonstrated the value and utility in the design and discovery of new fluorescent
nucleobases.**®*!* Despite these and other recent advances, there remains a paucity of
intrinsically fluorescent cytidine analogues that demonstrate responsiveness to their

microenvironment and state of hybridization®®

thus motivating this work.

The success of a fluorescent nucleobase analogue as a useful reporter resides in its
ability to form proper Watson-Crick base pairs, stability in double-stranded nucleic
acids, its recognition by nucleic acid processing/binding enzymes, and its

310,312,313309,311,312309,311,312307,309,310

fluorescence intensity. The cytidine analogue

pyrrolocytidine (pC, Figure 3.3) satisfies most of the above criteria as a fluorescent

314,315

reporter and has demonstrated compatibility with polymerases.**3'" Due to

oxidation at position 6 during solid-phase synthesis, 6-methylpyrrolodeoxycytidine
(dMepC, Figure 3.3)* is a stable alternative that retains biological activity, 23431932
and is now commercially available. Recently, 6-methylpyrrolocytidine (MepC) has
been described in RNA while conserving the properties of dMepC.*** However,
MepC and dMepC have low fluorescence intensity, as manifested by a modest

quantum vyield (®),**

and lag behind competing chemistries ultimately making them
less sensitive probes. The laboratory of Professor Robert H.E. Hudson, of the
University of Western Ontario, ON, Canada, showed that the low quantum vyield of
dMepC can be remedied by substituting the C-6 position with an aromatic group
without any penalties on sensitivity or base-pairing fidelity.??23?* Their work also
shows that in certain sequences, replacement of cytosine with dMepC can be
destabilizing in a duplex, whereas 6-methoxymethylpyrrolodeoxycytidine
(dMOMPpC) and 6-deoxyphenylpyrrolocytidine (dPhpC) can be stabilizing.3%%%
3.1.3 RNase H assays utilizing PhpC, MOMpC, dPhpC and dMOMpC

We now present a novel RNase H assay that utilizes a single fluorescent
nucleobase with molecular beacon-like sensitivity and amenable to microplate format.
This was realized using the ribonucleoside of 6-phenylpyrrolecytidine (PhpC), which

we found that, like its DNA and PNA homologues, ranks among the brightest C-
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analogue luminophores. The fluorescence of PhpC is sensitive to its
microenvironment, and displays a Amax excitation (360 nm) and Anax emission (466

nm) significantly red-shifted from the absorption of other biomolecules. The

NH, O
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Figure 3.3. Comparison of some modified fluorescent nucleobases. Top Row:
adenine (A) compared to 2-aminopurine (2-AP) and the pteridine analogue 6-methyl
isoxanthopterin (6-MI). Bottom Row: cytosine (C) compared to pyrrolocytosine (pC),
6-methylpyrrolocytosine (MepC), 6-methoxymethylpyrrolocytosine (MOMpC) and 6-
phenylpyrrolocytosine (PhpC). R= 1-ribosyl or 1-(2-deoxyribosyl).

combination of these properties makes PhpC unique among fluorescent nucleobase
analogues and has enabled its use as a fluorescent reporter group in the enzymatic
assay. Maintaining the same RNA sequence as the traditional fluorophore/quencher
(FQ)-based assay®™ (RNA-1, Table 3.1), we replaced a single rC nucleoside with
PhpC close to the 3'-terminus of the RNA*DNA hybrid, PhpC-1, where it exhibits
low fluorescence (quenched state) as depicted in Figure 3.4. Treatment with HIV-1
RT RNase H generates an RNA tetranucleotide®® bearing PhpC, and quickly
dissociates from its DNA complement with a concomitant dramatic increase in
fluorescence emission. We also explored the incorporation of MOMpC on the RNA
strand, and dPhpC and dMOMpC on the DNA strand as alternative constructs for

fluorescent RNase H assays.
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QUENCHED STATE EMISSIVE STATE

Figure 3.4. Reporting via a single internal fluorescent nucleotide analogue. C*=PhpC

3.2 Results and Discussion
3.2.1 Phosphoramidite Synthesis

The phosphoramidites for dPhpC and dMOMpC were obtained from Professor
R.H.E. Hudson. 5'-0-(4,4'-dimethoxytrityl)-6-phenylpyrrolocytosine (3.51, Figure
3.1) and 5'-O-(4,4'-dimethoxytrityl)-2"-O-tert-butyldimethylsilyl 6-methoxymethyl-
pyrrolocytosine (3.6ii, Figure 3.1) were synthesized by Dr. Arash Ghorbani-
Choghamarani. The methods used to prepare for the ribo derivatives, 6-
phenylpyrrolocytidine (PhpC) and 6-methoxymethylenepyrrolocytidine (MOMpC)
phosphoramidites was based on previously described protocols for the synthesis
dPhpC and dMOMpC.*%*% 5-lodouridine was first dimethoxytritylated which was
followed by Sonogashira coupling with the appropriate alkyne.**®*3?’ The 5-
alkynyluracil moiety of the resulting nucleoside was subsequently subjected to Ag’-
mediated cyclization to form a furanouracil nucleoside derivative.*?® This was then
converted to the corresponding pyrrolocytidine by treatment with aqueous
ammonia.**® Standard conditions were used to install the 2'-O-tert-butyldimethylsilyl
group.2®22 The desired 2'-O-regioisomer was characterized by 2D COSY *H NMR,
which confirmed placement of the silyl group at the 2' position by the presence of a
cross peak between the free 3'-OH and 3'-CH protons (see NMR spectra in section
3.4.2). Finally, the 5'-O-DMT-3-O-phosphoramidite reagents were prepared
according to literature  methods.®®*®  The phosphoramidite of 6-
phenylpyrrolocytidine (3.7i, Figure 3.1) was obtained in high yield (89%) in the final
step to give a crispy VYyellow product. The phosphoramidite of 6-
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methoxymethylpyrrolocytidine (3.7ii, Figure 3.1) was obtained as a yellow oil in only

24% yield, which we ascribe to the smaller scale of synthesis.
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Scheme 3.1. Synthesis of PhpC and MOMpC phosphoramidites. Reagents and
conditions: a. DMT-CI, py, NEts. b. R-acetylene, acetone or DMF, Pd(PPhs),, Cul,
NEts. c. Cul, MeOH, NEt; or AgNO3, acetone. d. NH4,OH, MeOH, 55°C. e. TBDMS-
Cl, Imidazole, DMF. f. (iPr),NP(CI)O(CH,),CN, THF, NiPr,Et.
3.2.2 Solid-phase oligonucleotide synthesis

Maintaining the same 18-mer RNA sequence as the traditional fluorophore-
quencher(FQ)-based RNase H assay (RNA-1, Table 3.2),*" we replaced single rC
nucleosides with PhpC or MOMpC to give oligomers PhpC-1, PhpC-2, MOMpC-1
and MOMpC-2. The complementary oligodeoxynucleotide sequence, DNA-1, was
also modified by replacing dC with dPhpC and dMOMpC units. We also synthesized
RNA trinucleotides containing PhpC in order to assess the fluorescence of PhpC as a
function of chain length (3nt vs 18 nt) and/or position within the RNA chain (Table

3.2).
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Table 3.1.

Oligonucleotides used in RNase H assays and T, data.

T, (0P
Name Sequence (5' to 3)1 DNA-1 RNA-2 CRNA
RNA-1 GAU CUG AGC CUG GGA GCU 65.1 78.5 -
DNA-1 agc tcc cag gct cag atc - - -
cRNA UCG AGG GUC CGA GUC UAG - - -
cDNA cta gac tcg gac cct cga - - 64.3
PhpC-1 GAU CUG AGC CUG GGA GPhpCU 64.7 78.8 -
PhpC-2 GAU CUG AGC PhpCUG GGA GCU 67.5 80.8 -
MOMpC-1 GAU CUG AGC CUG GGA GMOMpCU 64.2 78.0 -
MOMpC-2 GAU CUG AGC MOMpCUG GGA GCU 66.0 79.3 -
dPhpC-1 dPhpCta gac tcg gac cct cga - - 62.4
dPhpC-2 cta gadphpC tcg gac cct cga - - 64.3
dMOMpC-1 dMOMpCta gac tcg gac cct cga - - 65.7
dMOMpC-2 cta gadMOMpC tcg gac cct cga 63.2

[a] Legend: RNA, dna, PhpC, MOMpC, dPhpC, dMOMpC [b] T values represent
the average of at least 3 independent experiments and are within 1°C.

Table 3.2. Sequences and MS data for pC-analogues and control oligonucleotides.

Mass Mass
Name Sequence (5'to 3') calculated measured
PhpC PhpC 343.2 366.2 (Na+)
5'-PO,4-PhpC PO,-PhpC 423.2 423.1 (H+)
G-PhpC-U GPhpCU 994.7 995.6 (H+)
C-PhpC-U CPhpCU 954.7 977.2 (Na+)
U-PhpC-U UPhpCU 955.7 956.07 (H+)
PhpC-1 GAU CUG AGC CUG GGA GPhpCU 5887.6 5910.5 (Na+)
PhpC-2 GAU CUG AGC PhpCUG GGA GCU 5887.6 5887.4
MOMpC-1 GAU CUG AGC CUG GGA GMOMpC U 5855.5 5878.3 (Na+)
MOMpC-2 GAU CUG AGC MOMpCUG GGA GCU 5855.5 5877.1 (Na+)
RNA-1 GAU CUG AGC CUG GGA GCU 5787.4 5787.8
DNA-1 agc tcc cag gct cag atc 5444.6 54441
RNA-2 AGC UCC CAG GCU CAG AUC 5690.5 5691
dPhpC-1 dPhpCta gac tcg gac cct cga 5544.7 5543.7
dPhpC-2 cta gadPhpC tcg gac cct cga 5544.7 5545
dMOMpC-1 dMOMpCta gac tcg gac cct cga 5512.6 5512
dMOMpC-2 cta gadMOMPpC tcg gac cct cga 5512.6 5512
3'-Fluorescein RNA  GAU CUG AGC CUG GGA GCU-Fluorescein 6357.0 6352.9
5'-DABCYL DNA DABCYL-agc tcc cag gct cag atc 5875.0 5874.9

Legend: RNA, dna, PhpC, MOMpC, dPhpC, dMOMpC.
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Coupling times for the fluorescent phosphoramidites during solid-phase syntheses
were extended to 1 hour to maximize yields, using dichloromethane instead of
acetonitrile as the solvent in order to solubilize these monomers. Coupling yields for
PhpC phosphoramidites were equivalent to those obtained with commercially
available RNA monomers as judged from the quality of the crude oligonucleotides
loaded onto a polyacrylamide gel (Figure 3.5) and measured by densitometry. The
rather poor couplings obtained with MOMpC (~ 30%), dPhpC and dMOMpC (50%)
were ascribed to the poor quality of the phosphoramidites, some of which had been
stored for several months. Gel bands containing the fluorophores were visualized
under 365 nm light in addition to the conventional 254 nm light used for UV
shadowing. The molecular weights of purified oligonucleotides were confirmed by
ESI-TOF mass spectrometry (Table 3.2).

Figure 3.5. 24% denaturing analytical PAGE of RNA strands used in the current
study. Lane 1, crude RNA-1; Lane 2, purified RNA-1; Lane 3 and 7, crude PhpC-1;
Lane 4 and 8, crude PhpC-2; Lane 5, crude MOMpC-1; Lane 6, crude MOMpC-2.
Lanes 1 to 6 were visualized by UV shadowing with 260 nm light, lanes 7 and 8 were
visualized with 365 nm light using the fluorescence of PhpC.
3.2.3 Thermal Denaturation Studies

Thermal denaturation studies of DNA strands containing single inserts of dPhpC
or dMeOMepC hybridized to their complementary RNA (cRNA) strands showed

mixed results when compared to the unmodified DNA*cRNA control duplex (Table
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3.1). Substitution in the middle of the DNA sequence with a dMOMpC unit gave a
small reduction in melting temperature (AT, ca. 1 °C). In contrast, an increase in T,
was observed when this modification was positioned at the 5'-termini (1.4 °C). In the
case of dPhpC, an internal unit was neutral, whereas it was slightly destabilizing (1
°C) when placed at the 5'-termini. While these observations are particular significant
in view of the potential increase in resistance to nuclease digestion (or 5'-
phosphorylation of a sense siRNA strand by kinases) for oligomers with terminal
modifications, we did not expect to observe this trend. Generally, the depression of
Tm by a destabilizing modification is greater when it is placed in the middle than
when it is placed at the (fraying) termini of a duplex.**® Thermal denaturation studies
of RNA strands containing PhpC and MOMpC hybridized to complementary DNA
(DNA-1) and RNA (RNA-2) showed clearer trends. PhpC and MOMpC insertions
close to the 3-terminus (PhpC-1 and MOMpC-1) were neutral or slightly
destabilizing, whereas at a central position (PhpC-2 and MOMpC-2), they were
stabilizing (AT, +2°C and 1°C, respectively). Overall, PhpC substitutions were more
stabilizing than MOMpC substitutions. This effect, combined with the increased
hypochromicity observed for duplex PhpC-2¢cRNA (Figure 3.8) is consistent the
greater propensity of internal PhpC units to undergo n-stacking interactions. 3223
3.2.4 Circular Dichroism Studies

Circular dichroism was used to further evaluate the effect of these fluorescent
nucleobases on the duplex structure. RNA-DNA hybrids with fluorophores on either
strand showed similar patterns compared to control strands, differing mainly in the
intensity of the CD peak at 265 nm. Fluorophores inserted into RNA*RNA duplexes
were exceptionally well tolerated as the CD signature of modified duplexes
overlapped with those of the native duplexes. It is noteworthy that despite the
conformational changes that accompany the transition from B-form (dsDNA) to A-
like in hybrid duplexes (RNA-DNA), to pure A-form (dsRNA), the modified C5-face
of PhpC appears well accommodated based on our T, and CD measurements.
Although there is a scarcity of data reporting on conformation for C5-modified
pyrimidines in dsSRNA or hybrid RNA-DNA duplexes, T, data indicate that modest
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modifications such as halogens® and alkyl/alkynyl**! groups may be modestly

stabilizing, as we have observed for PhpC.
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Figure 3.6. Thermal denaturation curves monitored by UV ¢, of DNA containing
single inserts of PhpC and MOMpC bound to their complementary RNA.
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Figure 3.7. Thermal denaturation curves monitored by UV25, of RNA containing
single inserts of PhpC and MOMpC bound to their complementary DNA.
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Figure 3.8. Thermal denaturation curves monitored by UV25 of RNA containing

single inserts of PhpC and MOMpC bound to their complementary RNA.
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Figure 3.9. Circular dichroism spectra of DNA containing single inserts of PhpC and
MOMpC bound to their complementary RNA.
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Figure 3.10. Circular dichroism spectra of RNA containing single inserts of PhpC
and MOMpC bound to their complementary DNA.
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Figure 3.11. Circular dichroism spectra of RNA containing single inserts of PhpC
and MOMpC bound to their complementary RNA.
3.2.5 Fluorescence properties of RNA containing PhpC and MOMpC
Based on previous work®*?® we anticipated that RNA containing PhpC would be
significantly brighter than RNA containing MOMpC. The fluorescence of PhpC aided

in the analysis of this nucleoside and its derivatives (Scheme 3.1) as syntheses could
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be readily monitored by TLC under UV3gs light. As expected, all PhpC containing-
oligonucleotides were more fluorescent than the corresponding MOMpC modified
strands (Table 3.3).

The fluorescent parameters of PhpC as the free nucleoside, nucleotide, or
incorporated in short oligomers (3 nt and 18 nt), or within RNA*DNA and
RNA-<RNA duplexes are given in Table 3.3. The maximum excitation and emission
of PhpC (Aex max = 360; Aem max = 466, Figure 3.12) and MOMpC (Aex max = 350;
Adem max = 455) were similar to their DNA and PNA homologues previously
studied.**3#* 'When incorporated into oligonucleotides, the e max of PhpC was
slightly red-shifted (approx. 375 nm) compared to the monomers. Both the emission

and excitation spectra were very broad, with a Stokes shift of about 100 nm.
60 -

Fluorescence intensity
|

{} T T T T T
300 350 400 450 500 550 600
Wavelength (nm)
Figure 3.12. Excitation (dotted curve) and emission spectra (solid curve) of PhpC
nucleoside.

The PhpC nucleoside and PhpC nucleoside 5-monophosphate displayed similar
fluorescence intensity and quantum yields (®) of 0.31 and 0.29 respectively (Table
3.3), a 12-fold increase from a reported value for methylpyrrolocytidine (® =
0.023).3* Thus, it appears that the 5-phosphate group does not play a role on the
fluorescence intensity of the nucleobase. Comparing the trinucleotides, G-PhpC-U, C-
PhpC-U, U-PhpC-U and A-PhpC-U the fluorescence intensity and quantum vyield is
dependent on the nature of neighboring bases, with G-PhpC-U (neighboring guanine)

showing a reduced quantum yield as was previously reported with MepC.%*3%
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Theoretical studies on MepC suggested that base-stacking interactions can diminish
® by affecting the strength of the oscillator for the fluorescence transition,®** which
is consistent with our observations, although quenching of the fluorescence by
intrastrand electron transfer cannot be discounted. The U-PhpC-U had the highest
observed quantum yield of the series at 0.41 (Table 3.3), which is likely due to
shielding of the fluorophore from solvent (dynamical quenching) while not
introducing other compensating nonradiative deactivation pathways. Interestingly, the
18-mer single-stranded PhpC-1 had the same fluorescence intensity and quantum
yield as the trinucleotide G-PhpC-U, where PhpC had the same nearest neighbor
nucleotide residues (5'G and 3'U). This trend did not continue with PhpC-2 (®=0.13)
and its analogous trinucleotide C-PhpC-U (®=0.24). In this case, it appears that PhpC
is quenched in the longer single-stranded RNA sequence by 50%, which may be due
to better stacking interactions in a central position; however, length and base
composition may play a greater role for shorter PhpC containing oligonucleotides that
are conformationally more flexible.

Table 3.3. Fluorescent properties of oligonucleotides containing PhpC or MOMpC
single inserts.

Name Fluorescence Quantym Fpl
Intensity® Yield

PhpC 51 0.31 <0.02

5'-PO4-PhpC 47 0.29 <0.02
G-PhpC-U 36 0.11 0.03
C-PhpC-U 104 0.24 0.03
U-PhpC-U 134 0.41 0.03
A-PhpC-U 106 n.d. 0.03
PhpC-1 35 0.11 0.21
PhpC-1-DNA-1 7.8 0.035 0.28
PhpC-1-RNA-2 9.5 n.d. 0.30
PhpC-2 38 0.13 0.22
PhpC-2:DNA-1 80 0.20 0.27
PhpC-2:RNA-2 69 n.d. 0.28
MOMpC-1 4.0 n.d. 0.15
MOMpC-1-DNA-1 1.6 n.d. n.d.
MOMpC-1+RNA-2 1.9 n.d. n.d.
MOMpC-2 12 n.d. 0.14
MOMpC-2:DNA-1 3.0 n.d. n.d.
MOMpC-2:RNA-2 3.6 n.d. n.d.

Legend. n.d. signifies not determined. [a] 1 uM samples measured in 10 mM
phosphate buffer (pH 7.0) and 50 mM NaCl at 25°C, PhpC: 1=360 nm, Aemm=465
nm, MOMpC: 1=350 nm, Aemm=455 nm [b] 9,10-Diphenylanthracene in ethanol
(P=0.95) was used as the reference for Quantum Yield determination [c]
fluorescence polarization (FP) measured in identical conditions as [a].
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3.2.6 Fluorescence changes with formation of double strands

Oligonucleotides containing pC and pC analogues have consistently shown
fluorescence quenching upon duplex formation 3631832322334 Nearly all  RNA
strands containing PhpC and MOMpC hybridized to complementary DNA (DNA-1)
and RNA (RNA-2) also showed a decrease in fluorescence compared to single strands
(Table 3.3). PhpC-1 bound to its DNA complement exhibited the greatest quenching
(~78 %), more than the MOMpC counterpart (60%). The fluorescence emission when
PhpC-2 bound to DNA and RNA complements surprisingly increased (Table 3.3).
This is unexpected and to our knowledge is the first example of a pC analogue
displaying such behavior. Thus the dramatic quenching of fluorescence normally
observed during duplex formation and specific hydrogen bonding to guanine may not
necessarily be due to base-pairing mediated electron transfer, which leads to
nonradiative relaxation of the electronically excited state.
3.2.7 Fluorescent thermal denaturation profiles

We have established that our pC analogs can fluorometrically report changes in
their environment when incorporated in oligonucleotides.  An increase in
fluorescence as the duplexes denature could be monitored by thermal denaturation
profiles, and the mid-point of the transition corresponds to the T, determined by UV
absorbance (Figure 3.13, 3.14, 3.15). Molecules that fluoresce generally suffer a
decrease in intensity with increasing temperature,*® so it was expected to see a steady
decrease with no transition for the samples containing single strands, and a large
transition close to the Ty, value for samples containing double strands. This was
clearly observed with the DNA oligonucleotides containing 2'-deoxy pC analogs,
notably with MOMpC-2 (Figure 3.13), when at high temperature both samples are

single-stranded and the thermal denaturation curves overlap.
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Figure 3.13. Fluorescence melting curve for dAMOMpC -2 single-stranded (diamond)
and bound to its RNA complement (triangles). Aex = 350 nm, Aem = 455 nm.

The RNA containing pC analogs showed interesting melting curves for the single-
stranded oligonucleotides. Instead of a steady decrease in fluorescence, as with the
DNA analogues, the fluorescence intensity of the RNA PhpC and MOMpC strands
showed a weak positive transition as temperature increased (Figure 3.14 and 3.15).
This was observed with all of the single-stranded RNA pC strands. These transitions
could not be monitored in the UV, denaturation profiles. Most of the double strands
(RNA<DNA and RNA*RNA) showed a relatively larger positive transition (at least
2.5 fold) centered at the T, with PhpC-1 bound to its DNA complementary strand
showing the largest positive transition (6.5 fold) (Figure 3.14). In the case of PhpC-2,
there was a sharper decrease in fluorescence with increasing temperature due to it
being more emissive in the duplex form. The thermal denaturation profiles of PhpC-2
RNA<DNA and RNA*RNA double strands begin to overlap with the single-stranded
PhpC-2 after the melting points (Figure 3.15). It is not evident why transitions in
single strands were only observed with the RNA analogs and not the DNA. It is also

not evident if these transitions are simply a manifestation of PhpC in RNA, or if PhpC
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is capable of sensing otherwise unnoticed subtle RNA secondary structures in the
sequences under investigation.

These observations are consistent with Thompson’s recent study that proposed that
the changes in quantum yield of MepC are not dominated by base stacking alone,
which is responsible for much of the changes in fluorescence for 2-AP, but possibly

by collisional deactivation from solvent.**?

This could explain the observed transition
in the fluorescent thermal denaturation curves of single-stranded PhpC-1 (Figure
3.14) and PhpC-2 (Figure 3.15) indicating that some quenching in single strands is
contributed by base stacking. Currently, this explanation awaits experimental support.
It is clear from these results and the limited studies on MepC, that there are a variety
of factors that affect the fluorescence of PhpC including the sequence context

(neighbouring bases) and hybridization state along with microsequence effects.
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Figure 3.14. Thermal denaturation curves of PhpC-1single-stranded (red diamonds)
and PhpC-1 bound to its DNA complement (blue triangles) monitored by
fluorescence. Aex = 360 NM, Aem = 465 nm
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Figure 3.15. Fluorescence melting curve for the RNA oligonucleotide PhpC-2 single-
stranded (red), bound to its DNA complement (blue) and bound to its RNA
complement (green). Aex = 360 nm, Aem = 465 nm.
3.2.8 Fluorescent snake venom phosphodiesterase and base degradation assays
Snake venom phosphodiesterase (SVPD) is a 3' endonuclease that cuts
oligonucleotides into nucleoside 5'-monophosphates. As the RNA*DNA hybrids
containing PhpC and MOMpC were digested by SVPD, the fluorescence increased
(Figure 3.16). This again proves that the fluorescence is decreased in the double-
stranded form. There was also an initial increase in fluorescence associated with the
digestion of the single-stranded oligonucleotides into smaller fragments. The
degradation of the single-stranded and double-stranded PhpC-1 was also verified by
base degradation in NaOH. Once the solutions containing PhpC oligonucleotides
were brought to 0.1 M NaOH, all the fluorescence signals were identical (Figure
3.17). This is because the oligonucleotides were denatured under the basic
conditions, and thus all formed single strands. When an equivalent amount of 0.1 M
HCI was added, all the fluorescent values increased. This can be due to the formation
of shorter, more fluorescent PhpC containing oligonucleotides, or PhpC itself is more

emissive in acidic media.
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Figure 3.16. Monitoring the degradation of PhpC-1 single-stranded (red) and bound
to DNA-1 (blue) by snake venom phosphodiesterase which was added to the samples
at 30 minutes.
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Figure 3.17. NaOH-mediated degradation of PhpC-1. 1 uM of ssRNA (red),
RNA<RNA double strand (purple) and RNA*DNA double strand (blue) was brought
to 0.1 M NaOH after 15 minutes, and neutralized with 0.1 M HCI after 80 minutes.
An untreated control at pH 7 is also shown (black).
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3.2.9 Gel-based RNase H assays

To determine their potential as fluorescent reporters in a biological context,
dPhpC, PhpC, dMOMpC and MOMpC oligonucleotides were evaluated as substrates
for HIV-1 RT RNase H. The dpC analogs incorporated into the DNA strand of a
RNA<DNA hybrid were very well tolerated by the enzyme (Figure 3.18), unlike the
FQ system which compromises enzymatic activity (Figure 3.2). Compared to the
unmodified control (RNA*DNA), the DNA containing dMOMpC analogs induced
RNase H catalyzed cleavage of the RNA strand at the same rate. The dPhpC DNA
analogs generated cleavage products slightly slower than the other sequences under
these conditions, but nonetheless most of the initial product was cut within 20
minutes.  Furthermore, no aberrant cleavage products were generated as was
previously observed when dMepC was incorporated into the polypurine tract of HIV-
1-284

The RNA containing pC-analogues were also determined to be excellent substrates
for HIV-1 RT RNase H activity (Figure 3.19). However, there is a noticeable drop in
the rate of cleavage when the modified fluorescent residue is placed in the middle of
the RNA substrate, but not when it is placed close to the 3'-terminus. In addition to
cleavage by HIV-1 RT RNase H, the RNA modified strands were also good
substrates for E. coli RNase H (gel not shown).

g DN ACRNA dPhpC-2 dAMOMpC-1 dMOMpC-2
8 :cRNA :cRNA :cRNA
=
‘:5 Time (min) Time (min) Time (min) Time (min)
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Figure 3.18. 5'-3P-labeled PAGE assay for HIV-1 RT RNase H activity with dpC
analogues on the DNA strand. Arrowheads indicate substrate (s) and major cleavage
product (c).
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Figure 3.19. 5'-**P-labeled PAGE assay for HIV-1 RT catalyzed RNase H cleavage
of substrates containing a pC analog on the RNA strand. Arrowheads indicate the
hybrid substrate (s) and major cleavage product (c).

3.2.10 Fluorescent RNase H assays

Since all the modified RNA*DNA hybrids proved to be substrates for HIV-1 RT
RNase H, changes in their fluorescence intensities during cleavage was verified on a
fluorescence spectrophotometer. Prior to initiating RNase H activity by adding
MgCl,, adding HIV-1 RT to the reaction mixtures with fluorescent substrates was
found to have no effect on the fluorescence measurements under these assay
conditions (Aex = 360 nm, Aem = 465 nm for PhpC; Aex = 350 nm, Aem = 455 nm for
MOMPpC). This indicates that the fluorescent amino acid residues in HIV-1 RT, such
as tyrosine and tryptophan do not interfere with monitoring the fluorescence of PhpC.
The RNA<DNA hybrids containing the fluorescent residues at the 5'-terminus of
DNA (PhpC-DNA-1 and MOM-pC-DNA-1) and close to the 3'-end of RNA (PhpC-1
and MOMPpC-1) showed increases in fluorescence as the RNA substrate is degraded
by RNase H (Figure 3.20 and 3.21 respectively). Modifications at internal positions
did not show significant changes in fluorescence intensity during cleavage (less than
10%). RNA strands PhpC-1 and MOMpC-1 showed the best responses to RNase H
activity (~13 and ~4.5 fold increases respectively), than modifications on the DNA
strands at the 5'-terminus (dPhpC-1~ 0.3 fold; dMOMpC-1~ 1.8 fold increases).
These remarkable responses for PhpC-1 and MOMpC-1 were unexpected as they are

greater increase in fluorescence than what is observed during denaturation of the
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duplexes (Table 3.3). The increase in fluorescence of PhpC-1 in particular was so
intense that it could be seen by the naked eye (Figure 3.22). We believe the short
RNA product released upon RNase H catalyzed cleavage is more fluorescent. This is
consistent with our previous observation that trinucleotides containing PhpC are
significantly more fluorescent than single-stranded 18-mers (Table 3.3). Although G-
PhpC-U was an exception to this trend, the product of the RNase H cleavage for this
sequence is a tetramer, A-G-PhpC-U.?** This leads us to believe that perhaps other
tetramers that do not contain the G-PhpC-U trinucleotide may produce even greater
fluorescence intensities. We also verified this RNase H assay at lower concentrations
of PhpC-1 and MOMpC-1, and found that increasing the excitation and emission
bandwidths to 10 nm improves the signal to noise ratio.

Subsequently, we compared the RNase H cleavage of PhpC-1 to the classic RNA-
3"-fluorescein'DNA-5'-DABCYL (FQ) assay>* by running them simultaneously at 1
uM substrate concentrations (Figure 3.23). We found that the FQ assay has higher
fluorescence signal due to the greater brightness of fluorescein itself, but the PhpC-1
assay generated cleavage products with greater relative fluorescence compared to the
intact substrates (13 fold vs 8 fold). As observed in gel based assays, the PhpC insert
did not slow cleavage as did the FQ substrate resulting in a substantial gain in
analysis time. The end point of cleavage (90% completion) was achieved in

approximately 20 minutes for PhpC-1<DNA-1 versus 130 minutes for FQ.
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Figure 3.20. Monitoring RNase H catalyzed cleavage of 1 uM solutions of dPhpC-
1*cRNA (purple triangles, Aexc = 360 Nm, Aem = 465 nm) and dMOMpC-1+cRNA
(blue diamonds, Aex = 350 nm, Aem = 455 nm). HIV-1 RT was added after 10 minutes
(25 nM final concentration) and MgCl, was added after 20 minutes (5 mM final
concentration).
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Figure 3.21. Monitoring RNase H catalyzed cleavage of 1 uM solutions of PhpC-
1-DNA-1 (purple curve, Aexc = 360 nm, Aey = 465 nm) and MOMpC -1°DNA-1 (blue
curve, Aex = 350 nm, Aem = 455 nm). HIV-1 RT was added after 10 minutes (25 nM
final concentration) and MgCl, was added after 20 minutes (5 mM final
concentration).
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Figure 3.22. Fluorescence emission spectra of PhpC nucleotide (1, black), PhpC-1
single-stranded (2, red), PhpC-1<DNA-1 duplex (3, blue) and PhpC-1-DNA-1 after
RNase H cleavage by HIV-1 RT (4, green). Visual changes in fluorescence of the

same solutions under UV g5 light, at 1 ©M concentration (inset).
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Figure 3.23. Comparison of the PhpC-1 RNase H assay (red curve) compared to the
classic fluorescein-DABCYL (FQ) assay (black curve). Both substrates were treated
with HIV-1 RT RNase H activity simultaneously in identical conditions at a
concentration of 1 puM scanning at the Anax excitation and emission for both
fluorescein (485 nm/520 nm) and PhpC (360 nm/465 nm).
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3.2.11 Fluorescence Polarization RNase H Assays

An advantage of incorporation of the fluorescent nucleoside into the RNA strand is
that it gets processed by RNase H into fragments that are much smaller than the
hybrid duplex. The substantial change in mass/size of the fluorescent moiety may be
detected by changes in fluorescence polarization (FP).** As seen in Table 3.3, FP
values increase with increasing molecular weight as expected for molecules
undergoing less Brownian motion. RNase H catalyzed cleavage of PhpC-1.DNA-1
was readily monitored in real-time by FP (Figure 3.24) in a similar fashion to the

RNase H assay developed by Pfizer.?*?
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Figure 3.24. Monitoring the RNase H activity of HIV-1 RT on PhpC-1-DNA-1 by
fluorescence polarization (black curve). The inset shows the fluorescence intensity
with the excitation and emission polarizers parallel (blue curve) and perpendicular
(green curve).

To test this further, we verified if the RNase H catalyzed degradation of duplex
PhpC-2.DNA-1 can be monitored by FP, since this was not possible by measuring
fluorescence intensity. We found that HIV-1 RT RNase H could not cut PhpC-2 to
fragments smaller than a 10-mer, so E. coli RNase H was added to the reaction

(Figure 3.25). Since E. coli RNase H can cut RNA into smaller fragments than HIV-1
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RT,®® the degradation of PhpC-2 was soon detected by FP even though the
fluorescence intensity did not change very significantly (12% increase at endpoint).
Nonetheless, FP enabled us to monitor the cleavage of the RNA strand at a central

position using an embedded PhpC.
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Figure 3.25. Monitoring the RNase H activity of HIV-1 RT from 0-80 minutes and E.
coli RNase H from 80-180 minutes on PhpC-2¢DNA-1 (200 nM) by fluorescence
polarization (black curve). The inset shows the fluorescence intensity with the
excitation and emission polarizers parallel (blue curve) and perpendicular (green
curve).

3.2.12 RNase H Assays on 96-well microplates

Although fluorescent spectrophotometers are far more sensitive, it is desirable
to adapt assays to fluorescent microplate readers that are amenable to HTS. Since
PhpC-1 was the most fluorescent and responsive substrate for RNase H activity, it
was tested in 96-well plate spectrofluorometers by fluorescence intensity and
fluorescence polarization (Figure 3.26). Using identical reaction conditions used in
the cuvettes (1 uM substrate and 25 nM HIV-1 RT), Figure 3.26A shows very good
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signal to noise and response to RNase H cleaveage (10 fold increase). We later tested
the limits of sensitivity of the assay and found we could still monitor RNase H
activity down to 10 nM substrate concentration (60 nM in FP mode), which is
comparable to **P PAGE assays. For application of this assay to screen inhibitors of
RNase H activity, it is advantageous to monitor polarization as well as fluorescence
intensity. FP can discern molecules that quench the fluorophore producing false
hits.®®* We show that RNase H activity can be monitored on a 96-well plate by
fluorescence polarization (Figure 3.26B).

With the versatility of PhpC we have demonstrated that both fluorescence intensity
(which reports on hybridization/base stacking) and fluorescence polarization (which
reports on the size of the molecule containing the fluorophore) can be monitored
simultaneously using only one probe.
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Figure 3.26. A. Fluorescence intensity HIVV-1 RT RNase H assay of 1 uM PhpC-
1*°DNA-1 monitored by a 96-well plate spectrofluorometer. Colored triangles
represent reactions in three individual wells, with the red curve representing their
average. The average of three controls without enzyme is represented by the black
curve. B. Fluorescence polarization HIV-1 RT RNase H assay of 1 uM PhpC-
1*DNA-1 monitored by a 96-well plate spectrofluorometer. The green and light blue
curves represent the reaction with HIV-1 RT added, and the black curve represents
the average of two control wells without HIV-1 RT.

We determined the kinetic parameters Kp, (54 +/- 3.3 nM), Vmax (0.31 nmoles/min),
and a ke of 6 min™ of duplex PhpC-1-DNA-1 for HIV-1 RT RNase H (Figure 3.27).
Since this assay will ultimately be used to screen potential inhibitors of RNase H, a
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known inhibitor of HIV-1 RT RNase H, namely DHBNH, was tested in this assay.
Our assay demonstrated that DHBNH was able to inhibit RNase H activity in a dose

dependant manner with an ICsy of 5 uM, which is consistent with previous results

(Figure 3.28).%%
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Figure 3.27. Michaelis-Menten plot of initial velocity versus substrate concentration.
Initial velocities were measured in triplicates and the data fitted in Prism 5.0.
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Figure 3.28. Dose-response curve of the inhibition of DHBNH for the RNase H
activity of HIV-1 RT. The ICsp and curve was generated using Prism 5.0.
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3.3 Conclusion and Future Directions

This work demonstrates the significant advantages of base-modified
nucleosides, such as PhpC, compared to traditional fluorophores: one single PhpC
insert can act as a sensitive reporter group that is non-disruptive to the structure and
enzymatic activity. Although fluorescein is a substantially brighter luminophore, the
PhpC—based assay for RNase H has clear advantages. The responsiveness, rapidity
and ease (single label versus dual) of the RNase H assay has been dramatically
improved. The fluorescence provided by PhpC is sufficient to compete with gel-
based techniques on the basis of sensitivity and the assay can be adapted to multi-well
plate format for HTS. This was also possible because the HIV-1 RT RNase H
cleavage product showed remarkably greater fluorescence than even the free
nucleoside. Overall, this report lays the framework for a sensitive and rapid assay for
detecting inhibitors of RNase H. Work is currently under way to employ this assay to
screen a small molecule library for such agents. Future work will look at utilizing
PhpC in an assay to assess the capacity for antisense oligonucleotides to elicit RNase
H activity. PhpC could be of great use as a fluorescent reporter to monitor the activity
of other nucleic acid modifying enzyme, such as polymerases, much like the work of
Kool and co-workers.**® The synthesis of PhpC 5'-triphosphates would be required
for these studies.

Also uncovered in this study, was the surprising and unprecedented
observation that oligomer PhpC-2 showed an increase in fluorescence intensity upon
duplex formation. We also noted that PhpC can monitor changes in its environment in
single-strands in addition to double strands by fluorescent thermal denaturation
studies. Together, these observations indicate that PhpC is significantly different from
pC and warrants further investigation on the affects of sequence length and
composition on changes in fluorescence. Studies should also be carried out to access
the influence of pH on the intensity of fluorescence emission of PhpC. Work is
currently underway to synthesize other fluorescent analogs of PhpC with greater
guantum yields and more red-shifted excitation-emission. We feel that PhpC will
contribute to the growing repertoire of useful fluorescent nucleobase analogues, such

as tricyclic C and its analogues (tC and tC°, which also show red-shifted
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fluorescence and a high quantum yield (®=0.3) but whose fluorescence is insensitive
to duplex formation.**” Thus, encountering PhpC analogs that are insensitive to their

microenvironment could also be of benefit.

3.4 Experimental methods
3.4.1 General methods

Chemicals and solvents were ACS grade or higher and were purchased from
Sigma-Aldrich or Thermo-Fisher. Anhydrous pyridine was obtained by distilling over
calcium hydride. All reagents used for oligonucleotide synthesis, including 2'-
deoxyribonucleotide and 2'-tert-butyldimethylsilyl (TBDMS) ribonucleoside 3'-O-
phosphoramidites, were purchased from Chemgenes Corp. Autoclaved Millipore

water treated with diethylpyrocarbonate (DEPC)?*

was used to manipulate RNA and
prepare aqueous buffers.

3.4.2 Phosphoramidite synthesis and characterization

5'-0-(4,4'-Dimethoxytrityl)-2'-O-tert-butyldimethylsilyl-6-

phenylpyrrolocytidine: To a 25 ml round-bottom flask containing 315 mg (0.48
mmol) of compound 5'-O-(4,4'-Dimethoxytrityl)-6-phenylpyrrolocytidine dissolved
in 2 ml of dry DMF, TBDMS-CI (88 mg, 0.58 mmol) and imidazole (82 mg, 1.2
mmol) was added and stirred overnight. The formation of the 2'-O-silyl and 3'-O-silyl
products were monitored by TLC (R values of 0.56 and 0.13 respectively in 1:3 ethyl
acetate:dichloromethane) until the starting material was consumed. The reaction was
worked-up in 5% NaHCOs, filtered over MgSO, and evaporated to dryness. The 2'-
O-silyl regioisomer was obtained by silica gel column chromatography using a
gradient of hexanes-ethyl acetate from 1:3 to 1:1 keeping 1% triethylamine in the
solvents. The remaining crude 2'-regioisomer and 3'-regioisomer were mixed for 2
hours in 5 ml of pyridine and 3 drops of water to form an equal mix of isomers. From
this mix, the 2'-regioisomer was again purified by silica gel and both purified
fractions were evaporated over high vacuum to give 213 mg of a yellow powder (58%
yield). *H NMR (500 MHz, DMSO) & = 11.76 (s, 1H), 8.75 (s, 1H), 7.61 (d, J=7.6,
2H), 7.47 — 7.10 (m, 16H), 6.92 (d, J=4.1, 4H), 5.78 (s, 1H), 5.41 (s, 1H), 5.20 (d,
J=6.1, 1H), 4.37 (s, 1H), 4.15 (s, 1H), 4.11 (d, J=8.3, 1H), 3.70 (d, J=6.6, 7H), 3.45
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(dd, J=9.9, 58.4, 2H), 0.89 (s, 9H), 0.15 (s, 3H), 0.10 (s, 3H) ppm. °C NMR (126
MHz, DMSO) & = 160.38, 158.89, 158.84, 154.53, 144.68, 139.67, 136.79, 136.67,
136.35, 135.72, 130.82, 130.70, 130.54, 130.31, 129.70, 129.53, 128.74, 128.58,
127.53, 125.43, 125.31, 114.10, 114.01, 109.63, 97.04, 92.40, 92.28, 86.88, 82.06,
81.95, 77.58, 77.46, 68.37, 61.76, 55.76, 55.62, 26.45, 26.41, 18.66, -4.12, -4.20 ppm.
ESI-TOF (m/z) 782.4 (M+Na).
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Figure 3.29 'H 2-D COSY NMR of 5'-O-(4,4'-Dimethoxytrityl)-2'-O-tert-
butyldimethylsilyl-6-phenylpyrrolocytidine. Peaks representing sugar protons are
indicated on the F1 axis, and proton-proton cross peaks are circled. The three bond
coupling between the 3' C-H and 3' O-H suggests the TBDMS group is on the 2'
oxygen.

5'-0-(4,4'-Dimethoxytrityl)-2'-O-tert-butyldimethylsilyl-3'-O-(2-
cyanoethyldiisopropylphosphoramidite)-6-phenylpyrrolocytidine: 5-0-(4,4-
Dimethoxytrityl)-2'-O-tert-butyldimethylsilyl-6-phenylpyrrolocytidine (213 mg, 0.28
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mmol) was sublimed in 3 ml of distilled benzene over dry ice on high vacuum
overnight, purged with argon and dissolved in freshly distilled THF. Dry
diisopropylethylamine (0.2 ml, 1.12 mmol) and diisopropylamino-(2-cyanoethyl)-
phosphoramidic chloride (63 ul, 0.28 mmol) were added and the reaction was stirred
for two hours and monitored by TLC (5% methanol in dichloromethane). At the end
of this time, the reaction was washed with 5% NaHCOg3, dried over sodium sulphate
and loaded on a silica gel column neutralized in 2.5 % triethylamine in hexane. The
purified phosphoramidite diastereomers were eluted in 6:4 hexane-ethyl acetate,
rotary evaporated and sublimed in 3 ml of distilled benzene overnight to yield a
yellow foam (240 mg, 89 % yield). *P NMR (200 MHz, CDsCN) &= 151.3 (s, 1P),
149.5 (s, 1P) ppm. ESI-TOF (m/z) 982 (M + Na).

5'-0-(4,4'-Dimethoxytrityl)-2'-O-tert-butyldimethylsilyl-3'-O-(2-
cyanoethyldiisopropylphosphoramidite)-6-methoxymethylpyrrolocytidine: 5'-O-
(4,4'-Dimethoxytrityl)-2'-O-tert-butyldimethylsilyl-6-methoxymethylpyrrolocytidine
(100 mg, 0.14 mmol) was sublimed in 3 ml of distilled benzene over dry ice on high
vacuum overnight and purged with argon, and dissolved in freshly distilled THF. Dry
diisopropylethylamine (0.1 ml, 0.6 mmol) and diisopropylamino-(2-cyanoethyl)-
phosphoramidic chloride (32 pl, 0.14 mmol) were added and the reaction was stirred
for two hours and monitored by TLC (5% methanol in dichloromethane). At the end
of this time, the reaction was washed with 5% NaHCOj3, dried over sodium sulphate
and loaded on a silica gel column neutralized in 2.5 % triethylamine in hexane. The
purified phosphoramidite diastereomers were eluted in 6:4 hexane-ethyl acetate,
rotary evaporated and sublimed in 3 ml of distilled benzene overnight to give a
yellow crusty foam (30 mg, 24 % vyield). *'P NMR (200 MHz, CDsCN) &= 149.9 (s,
1P) ppm. ESI-TOF: m/z 966.2 [M + K]*
3.4.3 Synthesis and purification of oligonucleotides

All reagents used for oligonucleotide synthesis, including 2'-deoxyribonucleotide
and 2'-O-TBDMS ribonulceotide phosphoramidtes, were purchased from Chemgenes
Corp. Solid-phase synthesis of oligonucleotides was carried out on an Applied
Biosystems 3400 DNA synthesizer using standard protocols.’®> Coupling yields for
PhpC were comparable to standard 2'-O-TBDMS ribonulcleoside phosphoramidites
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based on analytical denaturing PAGE (Figure 3.5). Cleavage from the solid-support
was carried out in a 3:1 mixture of NH,;OH:EtOH at room temperature for 48 hours,
and removal of the 2'-O-silyl protecting groups was achieved by treatment with
distilled triethylammonium trihydrofluoride for 48 hours. The crude, deprotected
oligonucleotides were precipitated in ice-cold butanol and 3M sodium acetate and
quantitated by their UV absorbance at 260 nm on a Cary-300 UV-VIS
spectrophotometer (Varian Inc). Crude products were then analyzed and purified by
denaturing PAGE (7M urea) and visualized by UV shadowing using 254 nm light for
non-fluorescent oligonucleotides, and 365 nm light for fluorescent oligonucleotides
(Figure S1). Full length products were excised from the gels using a sterile surgical
blade, and eluted in DEPC treated water. The eluted products were desalted by size-
exclusion chromatography on G-25 Sephadex (GE Healthcare) and quantitated.
3.4.4 Thermal denaturation curves

For UV-Vis thermal denaturation experiments nucleotides and oligonucleotides
were analyzed in 1 ml solutions at 1 uM concentrations in a buffer of 10 mM sodium
phosaphate at pH 7.0 and 50 mM NaCl. Double-stranded oligonucleotides were
annealed in equimolar amounts by heating to 95°C and then slowly cooling to room
temperature on a heating block. Thermal denaturation experiments were performed
on a Cary -300 UV-Vis spectrophotometer (Varian Inc.) equipped with a 6x6 cell
changer and Peltier temperature controller. Samples were heated from 10°C to 95°C
at a rate of 0.5°C per minute and the change in absorbance was measured every
1.0°C. The melting temperature (Tn,) values were obtained by the baseline (alpha)
method, and defined as the point when the mole fraction of duplex was equal to 0.5.
These values represent the averages of at least three independent experiments.
Fluorescent thermal denaturation plots were obtained in a similar fashion on a Cary
Eclipse fluorescent spectrophotometer equipped with a multi-cell Peltier temperature
controller and automated polarization accessories. Measurements for fluorescent
experiments were carried out in 1 cm x 1 cm quartz cells in 2 ml volumes and 1 uM

concentration of oligonucleotides
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3.4.5 Circular dichroism spectra

Circular dichroism spectra were obtained using a Jasco J-800 spectropolarimeter.
Samples were prepared in the same fashion as with T, experiments. Scans were
performed in triplicate at 20°C at a rate of 50 nm per minute from 350 nm to 190 nm.
The data was averaged, corrected against a blank and smoothed using the Spectra
Manager CD software provided by the manufacturer.
3.4.6 Fluorescent Measurements

Fluorescence intensity and polarization measurements and fluorescent thermal
denaturation plots were obtained on a Cary Eclipse Spectrophotometer equipped with
a multi-cell Peltier temperature controller and automated polarization accessories.
Measurements were carried out in 1 cm x 1 cm quartz cells in 2 ml volumes.
Excitation and emission bandwidths were set at 5 nm for all experiments. Emission
spectra were obtained by exciting at 360 nm for PhpC and 350 nm for MOMpC and
monitoring the emission from 400 to 600 nm. Fluorescent thermal denaturation plots
were obtained in a similar fashion on a Cary Eclipse fluorescent spectrophotometer
equipped with a multi-cell Peltier temperature controller and automated polarization
accessories. Measurements for fluorescent experiments were carried out in 1 cm x 1
cm quartz cells in 2 ml volumes and 1 uM concentration of oligonucleotides.
3.4.7 Qauntum yield determination

The measurement of fluorescence quantum yields (®f) was determined using 9,10-
Diphenylanthracene in ethanol (®=0.95) as a reference standard. The quantum yield

of the unknown ®(x) can be calculated by the following equation:

Dpy= Ds1) (Ast/Ax) (FxlFst) (N*x/n’s7)

Where @ty is the quantum yield of the standard, A is the absorbance at the
excitation wavelength, F is the integrated area in the emission curve, the subscripts X
and ST refer to unknown and standard and n is the refractive index of the solvent.
When measuring a series of diluted solutions with various absorbance readings the

following equation may be used:

D= Osty (Gradx/Gradst) (N°x/n’s)
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Where Grad is the gradient from the plot of integrated area in the emission curve

versus absorbance at the excitation wavelength.

UV370 was measured on a Cary -300 UV-Vis spectrophotometer (Varian Inc.) from
0.1 to 0.03 absorbance units in 0.01 increments. The fluorescence emission curves
were immediately measured afterwards in a Cary Eclipse (Varian Inc.) fluorescent
spectrophotometer with an excitation wavelength of 370 nm. Prior to measuring the
quantum yield of the unknown samples, the validity of the methodology was
confirmed by measuring the quantum yield of anthracene in ethanol which gave a
value of 0.27, which is in good agreement with the literature value (®=0.29).

3.4.8 Gel based RNase H assays

Wild type p66/p51 HIV-1 RT was a generous gift from Dr. Matthias Gotte
(McGill) prepared by his group as previously described.>> RNA substrates were 5'-
radiolabeled with y-*P ATP by T4 polynucleotide kinase (Fermentas) using the
manufacturer’s recommended procedure. The antisense and 5'-*°P-labeled RNA
sense strands were combined in a 1.2:1 ratio and annealed by heating to 95°C
followed by slow cooling to room temperature. HIV-1 RT (25 nM final
concentration) was incubated for 10 minutes at 37°C in RNase H reaction buffer (50
mM Tris-HCI, pH 7.8, 60 mM KCI, 5 mM MgCl;, 0.1 mM DTT and 0.01% Tween-
20). The reactions were initiated by the addition of duplexed antisense/sense
substrate to a concentration of 50 nM. Aliquots were removed at various times as
indicated in Figure S7 and stopped by the addition of an equal volume of loading
buffer (98% deionized formamide, 1 mg/mL bromophenol blue, and 1 mg/mL xylene
cyanol) followed by heat inactivating at 95°C for 5 min. Cleavage products were
resolved on a 16% denaturing polyacrylamide gel and visualized by autoradiography.
3.4.9 Fluorescent RNase H assays

HIV-1 RT RNase H activity was monitored by the changes in emission of
fluorescent oligonucleotides on a Cary Eclipse fluorescent spectrophotometer
equipped with a multi-cell Peltier temperature controller and automated polarization
accessories. These assays were run in 2 mL volumes in identical buffer conditions as

the gel based assays, but were initiated by the addition of MgCl, (5 mM final
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concentration) in order to monitor fluorescence prior to cleavage by HIV-1 RT.
Substrate concentrations varied from 1 uM to 0.2 uM and enzyme concentrations
were changed to 25 nM or 5 nM respectively. The fluorescence intensity was
monitored every 15 seconds. PhpC RNase H assays were monitored at an excitation
wavelength of 360 nm (5 nm bandwidth) and emission wavelength of 465 nm (5 nm
bandwidth).  The fluorescein-RNA*DABCYL-DNA pair was monitored at an
excitation wavelength of 485 nm (5 nm bandwidth) and emission wavelength of 520
nm (5 nm bandwidth). Fluorescence polarization RNase H assays were run under
identical conditions as stated above.

The equation to calculate fluorescence polarization (P) as described by the Cary
Eclipse follows:

P = (lw—Glu) / (I + Glip)

where

I, equals the intensity of fluorescence with the excitation polarizer = vertical and

emission polarizer = vertical

vertical and

Iwh equals the intensity of fluorescence with the excitation polarizer
emission polarizer = horizontal.
G is a factor that accounts for the polarization bias of the instrument and is calculated
automatically before the experiment.
The G factor is given by:
G = Inv/Inn
3.4.10 Snake venom phosphodiesterase assays

Snake Venom Phosphodiesterase (SVPDE) Assays: Assays were performed in a
Cary Eclipse Fluorescent Spectrophotometer equipped with a multi-cell Peltier
temperature controller. 1 uM solution of the oligonucleotide was prepared in SVPDE
buffer (100 mM Tris-HCI, pH 8.9, 100 mM NaCl, 14 mM MgCl,) Samples were
monitored for 30 minutes at 37 °C, after which 2.5 units of Snake venom
phosphodiesterase | from Crotalus admanteus venom (USB Corporation) was added.

Changes in fluorescence were monitored as described for RNase H assays.
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3.4.11 Base degradation assays

Assays were performed in a Cary Eclipse Fluorescent Spectrophotometer equipped
with a multi-cell Peltier temperature controller. A 1 uM solution of the ribo-
oligonucleotide was prepared in water. Samples were monitored for 10 minutes at 37
°C, after which 200 pl NaOH was added to a final concentration of 0.1 mM. Changes
in fluorescence were monitored as described for RNase H assays. After 80 minutes
200 pl of 1 M HCI was added
3.4.12 Fluorescent RNase H assays on 96-well microplates

RNase H activity of HIV-1 RT was monitored on a Gemini XS and M5
spectrofluorometers by Molecular Devices in 96-half well opague plates.
Fluorescence polarization measurements in 96-well microplates were performed on a
BioTek Synergy 4. Experiments were run under identical buffer conditions as gel-
based assays in a final volume of 100 uL. Reactions were initiated by the addition of
a 50 pL solution containing HIV-1 RT and MgCl,. The concentration of substrate
was varied from 1 uM to 10 nM, and enzyme concentrations varied from 25 nM to 5
nM respectively. Excitation and emission wavelengths for PhpC were 360 nm and
465 nm respectively, and 485 nm and 520 nm for the DABCY Lefluorescein assay. To
determine Km, Vmax and Kcat, the initial velocity of RNase H cleavage was
measured under a fixed concentration HIV-1 RT (1 nM) and the substrate
concentration was varied from 10 nM to 900 nM. The ICsy of DHBNH, a sample of
which was generously provided by Dr. M.A. Parniak, was determined on two separate
days and was run in triplicate using 200 nM substrate and 1.5 nM HIV-1 RT in 1%
DMSO. Eight concentrations of DHBNH were dispensed by two-fold serial dilutions
starting from 50 uM of the inhibitor.
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Chapter 4  Incorporation of phenylpyrrolocytidine
into siRNA: a molecular spy to monitor
activity and biodistribution

4.1 Introduction
4.1.1 Chemical modifications to address the therapeutic shortcomings of sSiRNA

The discovery that double-stranded small interfering RNA (SiRNA)? can
selectively silence a gene in a process called RNA interference (RNAI)'? has led to
massive efforts in industry and academia to use this natural pathway for therapeutic
applications. siRNAs that elicit the sequence specific degradation of complementary
MRNA have routinely been shown to arrest the expression of a gene at nanomolar
concentrations in vitro. However, for a relatively large negatively charged biological
molecule such as RNA to perform in vivo it must first overcome many hurdles. RNA
generally functions as a transient entity or is a marker of viral infections and there are
many enzymes to ensure its destruction inside and outside the cell. As such siRNAs
typically have a serum half-life on the order of minutes.**® Even if they do survive
these conditions, sSiRNAs have no method to ensure their delivery to the desired site
of action. In addition, siRNAs can activate the immune system’s inflammatory
response by causing the release of cytokines through the NF-xB pathway by
triggering Toll-like receptors.**2*° This may exaggerate the silencing capabilities of
siRNAs in a clinical setting® and furthermore cause immunotoxicity.** Finally,
sequence specific off-target effects can arise from RISC loading the passenger strand
(sense strand) as a guide strand (antisense strand). In brief, although RNAI is very
potent and has the potential to turn-off disease-causing genes, unmodified RNA is not
suitable for the development as a drug.

Chemical modifications can resolve many of the shortcomings of RNA by
bestowing drug-like properties to siRNAs without compromising biological
activity.*****? Modifications to the sugar-phosphate backbone is a common approach
to increase the stability of therapeutic oligonucleotides in biological media. Of note
are 2'-0O-Me RNA, 2'F-RNA, 2'F-ANA and the locked nucleic acids (LNA) analogues

which improve nuclease resistance and can also increase the melting temperature of
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Figure 4.1. Morphology of a small interfering RNA (SiRNA). siRNA is typically
comprised of 19 nucleotides of RNA (blue circles) with two nucleotide overhangs of
DNA (red cirles). The guide strand (antisense strand) contains the seed region (grey
box) which is important for directing the recognition and cleavage of the target
MRNA strand. The passenger strand (sense strand) is cleaved by the RNA induced
silencing complex (RISC), the scissile phosphate being between nucleotides 9 and 10
(dashed line).

SIRNA duplexes. If strategically placed away from the siRNA seed region (Figure
4.1), modifications can lower sequence-specific off-target effects.>**3** Some of these
chemical modifications can also reduce the immunogenic effects of siRNAs.3434
Like antisense oligonucleotides and aptamers, delivery of siRNAs is perhaps the
greatest obstacle for their use as a therapy. Chemical modifications have aided in this
regard as well, notably by adding lipophilic groups such as cholesterol at the termini
of siRNA which demonstrated potency in animal models.**"34
4.1.2 Nucleobase modifications in sSiRNA

The use of chemically modified nucleobases in siRNAs is relatively an
underexplored area of research. Figure 4.2 depicts some noteworthy nucleobase
modifications that have been reported in the literature for RNA interference. An early
report in nematodes indicated that incorporating some base modifications such as 5-
bromouracil and 5-iodouracil did not abrogate gene silencing.>* Later it was shown
that 2-aminopurine, 5-bromouracil and 5-iodouracil showed increased duplex
thermostability but decreased potency of the siRNA’s to silence, while N

methyluracil showed duplex destabilization and abolished potency, presumably

129



through steric clashes with RISC in the major groove.*® In many cases, base
modifications increase the binding affinity of RNA duplexes, thus they can improve
potency and guide strand loading into RISC if properly positioned in siRNAs,**"%?
An siRNA containing base modifications with enhanced duplex thermostability at the
3' segment (2-thiouracil and pseudouracil) and a destabilizing modification
(dihydrouracil) at the 5' segment of the guide strand showed enhanced potency.®* In
a study on major groove modifications in siRNAs that included 5-methyluracil, 5-
propynyluracil and 5-methylcytosine base modifications, it was shown that
modulating gene silencing potency goes beyond the asymmetry in the binding affinity
between the 5'-segment and the 3'-segment of the guide strand. Bulky groups like 5-
propynyluracil that portrude into the major groove decreased potency when placed at
specific sites at the 5'-portion of the guide strand, probably due to steric clashes with
protein residues, but smaller groups in the major groove like 5-methyluracil and 5-
methylcytosine increased duplex binding without any penalties to gene silencing.**
The use of non-polar bases that do not hydrogen bond such as 2,4-difluorobenzene
and difluorotoluene further show that sterics can play a role in siRNA potency as
these modifications are well tolerated at certain positions.*****® Like modifications to
the sugar and termini, difluorotoluene, 5-methyluracil, 5-propynyluracil and 5-
methylcytosine base modifications also impart increased biostability to SIRNAs.*3!3%
Studies on the immunostimulatory effects of base modified SiRNAs are very
limited. A study by Kariko and coworkers highlight that cells are capable of
differentiating the origin of RNA, and nucleoside modifications can provide an
additional molecular feature to discriminate between microbial and host RNA.*’
They showed that nucleoside-modified RNA incorporating 5-methylcytosine, 6-
methyladenine, 5-methyluracil, 2-thiouracil or pseudouracil suppressed TLR-
mediated immune responses in dendritic cells.*®" However in another study only
thymine and not 5-methylcytosine nor 7-deazaguanine base modifications could
reduce immune stimulation in peripheral blood mononuclear cells (PBMC).**®
From the few studies on nucleobase modifications on siRNA, it is clear that they

can offer the same enhancements as other types of chemistries. It is also evident that
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these benefits can vary with sequence context, their position in an siRNA, and the

cell types under study, warranting further investigation to maximize their efficiency.
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Figure 4.2. Notable nucleobase modifications that have been used in siRNAs and to
modulate immune stimulation by RNA. R= ribose. The numbering for 6-
phenylpyrrolocytidine (PhpC) is indicated.

4.1.3 6-Phenylpyrrolocytidine as a nucleobase modification in SIRNA
6-Phenylpyrrolocytidine (PhpC) has a set of properties that make it unique among
nucleobase analogues (Figure 4.2). It has shown increased binding to target RNA and
DNA, has excellent mismatch discrimination, ranks among the most fluorescent C-
analogues to date and fluorescence which changes with its microenvironment (e.g., as
a free nucleoside, in a single strand, or hybridized in a duplex).3?%%3* |n addition,
PhpC is an excellent cytosine mimic in terms of its recognition by nucleic acid

modifying enzymes as demonstrated in Chapter 3. We used PhpC to develop a
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molecular-beacon type RNase H assay that reports the cleavage of the enzyme
substrate fluorometrically. In the present chapter, we are interested in evaluating the
potential of PhpC as a nucleotide modification for SiRNA therapy in order to address
some of the shortcomings of siRNAs. For instance, the increased duplex stability of
PhpC can aid in properly loading the guide strand into RISC by creating asymmetry
in the melting temperature (T,,) of the 3' and 5' segments of a siRNA duplex. In
addition, there is evidence that base-modifications are capable of decreasing the
immunostimulatory effects of RNA,*" and it would be of interest to ascertain if PhpC
follows suit. Using the emissive properties of PhpC we also hope to create
biologically active fluorescent siRNAs to visualize their distribution in cells.
Currently, tracking siRNAs in cells is accomplished by terminal conjugation of
traditional fluorophores such as fluorescein or the Cy-family of dyes.*® As
demonstrated in the previous chapter, these bulky hydrophobic dyes can drastically
change the properties of oligonucleotides compared to a relatively conservative
modification such as PhpC. This would also vacate the termini to allow conjugation
of other lipophilic groups that can assist in delivery. This technique would enable the
same molecule that is being tested for gene silencing to be used to look at cellular
distribution.

Ultimately, we hope to develop a fluorescence-based assay to measure the kinetics
of RISC cleavage similar to the RNase H assay developed in Chapter 3. Such an
assay would greatly facilitate the screening of chemical modifications that make
SiRNAs better or poorer substrates for RISC, while monitoring other mitigating
factors on gene silencing efficiency such as biostability and delivery.

We now describe, for the first time, the synthesis, physicochemical and biological
studies on PhpC modified siRNAs. As shown below, duplexes containing this
modification in the sense and antisense strand show increased T, values compared to
their analogous unmodified RNA strands. The fluorescence intensity and fluorescence
polarization of PhpC-containing siRNA strands are sensitive to their environment.
The synthesized substrate and cleavage product of RISC containing a single PhpC at
the same position demonstrated markedly different fluorescent properties, suggesting

its potential to follow RISC kinetics fluorometrically. siRNAs with PhpC inserts do
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not impair gene silencing when introduced in the sense and the antisense strands and

show promise as a fluorescent probe to monitor siRNA localization in cells.

4.2 Results and Discussion
4.2.1 Oligonucleotide Design

We employed the same 21-mer siRNA sequence described in previous studies that
targets the mRNA of the firefly luciferase gene.’®**®> This sequence is designed so
that the 5'-segment of the antisense siRNA is A/U rich and melts more readily than
the G/C rich 3'-segment favouring guide strand loading into RISC over the passenger
strand (Table 4.1). Since PhpC increases thermal stability, it is inadvisable to
introduce it into the 5'-segment of the guide strand. The cleavage site of Ago2, the
nuclease component of RISC, is between nucleotides 10 and 11 of the guide strand
(the scissile phosphate being between nucleotides 9 and 10 of the passenger strand of
an siRNA). Replacing the cytidine at position 10 of the passenger strad with PhpC
should test the limits of how a single insert would be tolerated by RISC (ss.pC-1,
Table 4.1). In the same vein, inserting PhpC closest to the scissile phosphate as
possible, nucleotide 12, in the antisense strand was also accomplished (as.pC-1, Table
4.1). We also synthesized the cleavage product of ss.pC-1 when it is processed by
RISC, ss.pC-2, to verify changes in fluorescence properties to evaluate its suitability
to be employed in a fluorescent assay. Upon cleavage by RISC, the 5'-terminal PhpC

generated should exhibit increased fluorescence intensity®??

and, in light of its smaller
size, less fluorescence polarization. Finally, we added multiple PhpC inserts to the
sense strand in an attempt to verify additive effects to thermal stability and
fluorescence.

Table 4.1. Sequences and MS data for oligonucleotides used in siRNA studies.

Mass Mass
Name Sequence (5'to 3') calculated measured
sense GCUUGAAGUCUUUAAUUAALt 6617.0 6638.8 (Na+)
antisense UUAAUUAAAGACUUAAGCgg 6673.0 6694.1 (Na+)
ss.pC-1 GCUUGAAGUCUUUAAUUAALt 6717.1 6716.9
ss.pC-2 CUUUAAUUAALt 3799.4 3799.2
ss.pC-3 GCUUGAAGUCUUUAAUUAALt 6817.2 6817.1
as.pC-1 UUAAUUAAAGACUUAAGCgg 6773.1 6773.3

Legend: RNA, dna, PhpC.
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4.2.2 Thermal Denaturation Studies

Thermal denaturation studies were used to judge the stability of siRNA duplexes
containing PhpC insertions in the place of natural C as judged by the melting
temperatures (T,,) determined from the curves shown in Figure 4.3. Overall, the
denaturation curves of modified duplexes overlapped with the unmodified control,
except the former experienced transitions at slightly higher temperatures indicating
that PhpC insertions are stabilizing, which is consistent with our previous findings
(Chapter 3).3%2%9 Compared to the unmodified control duplex, the addition of one
(siPhpC-1) or two (siPhpC-3) PhpC insertions into the sense strand incrementally
increased the melting temperature (Tr,) by 0.5 °C and 2.5 °C respectively (Table 4.2).
Adding one PhpC in the antisense strand (siPhpC-4) also showed an increase in T, of
0.5 °C. Single PhpC insertions in both the sense and antisense strands (siPhpC-5)
showed a greater gain in stability than the sum of siPhpC-1 and siPhpC-4 (1.5 °C vs
1.0 °C). This duplex also exhibited the greatest increase in hypochromicity according
to the thermal melt curve (Figure 4.3), which is indicative of better n-stacking of the
bases in the duplex, and which may be aided by the proximity of the two PhpC
inserts. Duplex siPhpC-2 showed very weak stability with a melting temperature of
less than 20 °C. This implies that at physiological conditions (37 °C), the resulting 3'-
segment of siPhpC-1 should dissociate from the antisense strand once the sense strand

is cut by RISC, if it is not already unwound by RISC-associated helicase activity.
14

1.3 E = Control
—siPhpC-1

1.2 / siPhpC-3
—siPhpC-4
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Figure 4.3. Thermal denaturation curves of sSiRNA duplexes containing PhpC and an
unmodified control (red curve).
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Table 4.2. SIRNA sequences with melting temperatures and gene silencing activity.
IC50 [b]
(nM)

Duplex Sequence® Tm (eC) !

Conrol 5'-GCUUGAAGUCUUUAAUUAALEL-3" 541 0.10
3'-ggCGAACUUCAGAAAUUAAUU-5" ' '

5'-GCUUGAAGUCUUUAAUUAALL-3'

SiPhpC-1 3'-ggCGAACUUCAGAAAUUAAUU-5" °4.6 0.16
. 5'-CUUUAAUUAAtt-3" g

SiPhpC-2 3'-ggCGAACUUCAGAAAUUAAUU-5" 185 10
. 5'—-GCUUGAAGUCUUUAAUUAALL-3"

SiPhpC-3 = = 56.4 3.8

3'-ggCGAACUUCAGAAAUUAAUU-5"

_ 5'-GCUUGAAGUCUUUAAUUAAtt-3"
siPhpC-4 3'-ggCGAACUUCAGAAAUUAAUU-5 " 54.6 2.7

5'-GCUUGAAGUCUUUAAUUAALL-3'

siPhpC-5 3'-ggCGAACUUCAGAAAUUAAUU-5 " 556 0.77
_ 5'-GCUUGAAGUCUUUAAUUAAtt-3"
siPhpC-6 3'-ggCGAACUUCAGAAAUUAAUU-5 " nd 0.18
5' -GCUUGAUUUCUGAAAUUAAtE-3"
Scrambled - -

3'-ggCGAACUAAAGACUUUAAUU-5"

[a] Sense strands are listed on top and antisense strands below.Legend: RNZ, dna,
PhpC. Tn’s were measured at concentrations of 1 uM in 10 mM phosphate buffer
(pH 7.0) and 50 mM NaCl. [b] Ty and ICs, values are the average of three
independent experiments. Tm values represent the average of at least 3 independent
experiments within 1 °C. [c] The T of siPhpC-2 could only be determined by the
derivative method. nd= not determined
4.2.3 Fluorescence Studies of siRNAs Containing PhpC

The fluorescence of single-stranded oligonucleotides containing PhpC are
generally quenched when hybridized to complementary RNA or DNA,**2**° however

there may be exceptions depending on sequence length and composition®**

(see
section 3.2.6). The fluorescence of PhpC containing RNA strands, both single-
stranded and double-stranded, is depicted graphically in Figure 4.4. The fluorescence
of single-stranded oligonucleotides in this study is greater than that found for the
sequences described in Chapter 3. This may be attributed to the base composition of
the siRNA strands, with PhpC neighboring uridines being more conducive to higher

guantum yields while a neighboring guanine reduced the quantum yield (Table 3.2.2).
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This trend is nicely illustrated in the present study when replacing one or two cytidine
residues with PhpC in the sense strand (ss.pC-1 and ss.pC-3). The ss.pC-1 single
strand is highly emissive, which follows our previous report where trinucleotide A-
PhpC-U showed excellent fluorescent emission.*®* Replacing the other cytidine in the
strand with PhpC gives ss.pC-3, but does not show any increase in fluorescence
intensity presumably due to the neighboring guanine. Guanines can reduce the
quantum yield fluorophores in a distant-dependent manner through an electron
transfer mechanism.**** The truncated version of ss.pC-1 (ss.pC-2) showed an
increase in fluorescence of approximately 25%, consistent with previous studies that
demonstrated terminal PhpC’s are more fluorescent than a corresponding internal
PhpC.*# In summary, the fluorescence intensity of the PhpC in single-stranded RNA
varies with its position and sequence composition in accordance with previous
studies.

The double-stranded RNA containing the PhpC modification exibited less
fluorescence emission compared to their single-stranded oligonucleotide components
(Figure 4.4, blue bars). The oligonucleotides containing single internal PhpC
insertions in the passenger strand (ss.pC-1) or guide strand (as.pC-1) each showed a
decrease of about 30% in fluorescence upon duplex formation (duplex siPhpC-1 and
duplex siPhpC-4 respectively). The fluorescence of the duplex containing both ss.pC-
1 and as.pC-1 (siPhpC-5) was approximately equal to the sum of the fluorescence of
siPhpC-1 and siPhC-4, indicating that the fluorescence of PhpC can be additive in the
context of a duplex. The truncated passenger strand with a terminal PhpC (ss.pC-2),
showed a decrease in fluorescence of only 25% upon duplex formation compared to
the single strand. This is typical, terminal PhpC insertions have shown less quenching
upon duplex formation than internal ones.®?? Also, it should be noted that siPhpC-2
would not be a duplex since these measurements were carried out at 25 °C, which is
above its melting temperature (18.5 °C).

We also verified the fluorescence polarization (FP) of the PhpC containing
oligonucleotides. FP can discern the size of a molecule harboring a fluorescent
moiety by the rate at which it tumbles freely in solution (Brownian motion). Larger

molecules experience less motion, and this translates to higher FP measurements.
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Thus, we expect to see a decrease in FP when the passenger strand in a SIRNA duplex
gets cleaved by RISC. Single-stranded RNAs with one PhpC insert showed an FP
value of 0.13, while duplexes with a single PhpC insert were 0.28. The fluorescent
passenger strand cleavage product of RISC, ss.pC-2, showed an FP value of 0.09.
This indicates that it may be possible to monitor the cleavage of an siRNA by RISC
using fluorescence polarization as the FP values change from 0.28 to 0.09, a
substantial (3 fold) difference. In contrast, the change in fluorescence intensity was
only about 2 fold (101 to 212) when comparing duplex siPhpC-1 to ss.pC-2 alone.
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Figure 4.4. Comparison of the fluorescence intensity of PhpC containing single-
stranded oligonucleotides (red bars) and duplexed to unmodified complementary
strands (blue bars). Duplex siPhpC-5 contains a modified sense strand, ss.pC-1, and a
modified antisense strand, as.pC-1. Samples were measured at a concentrations of
1 uM in 10 mM phosphate buffer (pH 7.0) and 50 mM NaCl at 25°C, Ae=360 nm,
Aemm=465 nm. Data represents the average of at least three independent experiments.

4.2.4 RNAI Assays

PhpC was placed in the sense and antisense strands of siRNA’s targeting the
firefly luciferase gene (Table 4.2). These duplexes were transfected in HelLa cells
over-expressing firefly luciferase as described in section 4.4.5, and the ensuing gene
silencing was judged by the decrease of firefly luminescence and compared to that of

renilla luciferase expressed from a co-transfected plasmid (Figure 4.5a,b,c) The
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renilla luciferase counts did not go down for all samples. A scrambled duplex with
identical base composition and no silencing activity was used as a negative control.
Full length duplexes with single or triple insertions of PhpC in the sense and/or
antisense strand generally showed good silencing efficacy compared to the
unmodified control. Not surprisingly, the siRNA containing the truncated sense-
strand with a terminal PhpC (siPhpC-2) showed no gene-silencing in one instance
(Figure 4.5b), no doubt due to the difficulty to form stable duplexes at physiological
conditions and get recognized by RISC. The increased duplex stability on the 3'-end
of the guide strand did not generate more potent siRNA’s (siPhpC-3 and siPhpC-6),
but the sequence currently under investigation is GC-rich in this region and may
already possess sufficient thermodynamic bias.*** Overall, this data suggests PhpC
holds promise as a chemical modification in SiRNAs as it can be placed in both the
sense and antisense strand without severely affecting potency. Furthermore, as PhpC
insertions were placed at the scissile phosphate of both sense and antisense strands,
these very encouraging results suggest that the PhpC modification does not impair

Ago2 catalysis.
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Figure 4.5a. Knockdown of luciferase gene in HeLa cells by siRNA’s containing
PhpC (Trial 1). Two preps of siPhpC-1 were tested (i and ii).
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Figure 4.5b. Knockdown of luciferase gene in HeLa cells by siRNA’s containing
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Figure 4.5c. Knockdown of luciferase gene in HeLa cells by siRNA’s containing
PhpC (Trial 3). This data represents the average of one experiment run in duplicate.
ICso values from Table 4.2 were calculated from this data.
4.2.5 Fluorescence Microscopy of PhpC siRNAs

It would be advantageous if a chemical modification could also serve as a

fluorescent reporter to monitor siRNA uptake and localization. This would
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circumvent the need to re-synthesize the same siRNA conjugated to a fluorescent dye
with potentially altered properties. Towards this end, HelLa cells were transfected
with 1 uM of siPhpC-1 or a Cy3 5'-end labeled single-stranded DNA and the live
cells were observed in a Zeiss Axiovert 200 M inverted fluorescent microscope. Live
cells were used in this study to lay the groundwork for future studies to monitor the
localization of fluorescent siRNA in real time. After four hours of incubation, cells
containing no fluorescent siRNA and cells containing siPhpC-1 were visualized using
DAPI filters (Aexc= 360 nm and Aem = 460), and the Cy3-DNA oligonucleotides using
Cy3 filters (Aexe= 540 nm and Aem = 620). Due to the lower fluorescence of PhpC,
compared to Cy3, longer exposure times were required to obtain images for cells
transfected with siPhpC-1 (1 s versus 0.1 s). The cells containing no fluorescent
oligonucleotides showed some background fluorescence at these exposure times
(Figure 4.6 A), most likely due to internal fluorescence caused by NADH.*** Under
the same conditions, the cells containing siPhpC-1 showed bright spots on the
periphery of the cells, in addition to the background fluorescence, suggesting the
siPhpC-1 is entrapped in endosomes or are localized in processing bodies, the
location of mMRNA degradation (Figure 4.6 B). This distribution is similar to that seen
for the Cy-3-labeled DNA (Figure 4.6 C) and is consistent with studies by others on
the localization of siRNAs using traditional fluorescent tags.*® This result suggests
that the traditional fluorophores do not alter the localization of siRNAs in HeLa cells.
We verified that the bright spots in the cells containing siPhpC-1 were not due to
artifacts. The intensity of these spots was measured to be three-fold more fluorescent
than the NADH fluorescence after subtracting the background.

In conclusion, these preliminary studies show that PhpC shows promise as a probe
to monitor siRNA in cells provided the overall fluorescence can be increased relative
to that of cellular NADH. This should be feasible by multiple (> 4) PhpC
incorporations, since PhpC fluorescence is additive. In addition, it was recently
reported by our collaborator, Prof. Robert Hudson (U Western Ontario), that
insertions of several PhpCs in peptide nucleic acids (PNA) can fluorescently report

PNA localization in fibroblasts by confocal microscopy.*®®

140



Figure 4.6. Fluorescent microscopy of
HelLa cells. Cells were transfected with
oligonucleotides at a concentration of 1
uM. Arrows indicated bright spots due to
fluorescence of PhpC or Cy3. A) Cells
transfected with the control siRNA. B)
Cells transfected with siPhpC-1. C) Cells
transfected with Cy3 labeled DNA.

4.3 Conclusion and Future Directions
4.3.1 Conclusions

This work establishes that PhpC can be beneficial to monitor the biodistribution of
siRNAs. Replacing C for PhpC in the passenger strand, guide strand, or both
increases the T, of duplexes by 0.5 to 1 °C per insertion. Perhaps the most significant
observation is that insertions of PhpC did not show any marked decrease in the gene
silencing activity of siRNAs in HelLa cells, even though previous work suggests that
base modifications that protrude in the major groove of RNA diminish binding to
RISC.®! We observe that PhpC modified siRNAs are active whether the PhpC
modification is placed at the scissile phosphate group of the sense strand or at the
sensitive antisense strand of the duplex. These very encouraging results warrant
further RNAI studies with PhpC modified siRNAs.
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The fluorescent properties of PhpC such as high quantum vyield, red-shifted
fluorescence emission and responsiveness to environment make it unique among
chemical modifications to study siRNA. PhpC insertions gave fluorescent SiRNAs
that were able to be followed in the cell, albeit with the presence of background
fluorescence. Adding several PhpC units in a duplex can increase the overall
fluorescence emission to counteract background fluorescence. However, careful
consideration is necessary when inserting PhpC in order to maximize the fluorescence
signal (i.e. avoiding intrastrand neighboring guanines). The binding and catalytic
efficiency of siRNAs for RISC is not routinely addressed since other factors such as
biostability, delivery to the target and off-target effects are considered the limiting
factors in RNAI therapy. PhpC can be used to discriminate between the substrates
and products of RISC by fluorescence intensity and fluorescence polarization, laying
the framework for a real-time RISC cleavage assay. Finally, this work should
encourage the use of other strongly emissive and red-shifted fluorescent nucleobase

analogues, such as the tricyclic cytosines studied by Wilhelmsson,%9337:3¢

to study
RNA interference.
4.3.2 Future Work

Currently, siRNAs containing several PhpC inserts are being synthesized in the
Damha laboratory (Table 4.3). These duplexes are being designed to have greater
fluorescence intensity to allow their visualization in HeLa cells at lower exposure
times, thus eliminating the autofluorescence of NADH. This can be accomplished by
replacing additional C residues with PhpC’s in the antisense strand at locations away
from guanine residues. Furthermore, the two 3'-dG overhangs on the antisense strand
can be replaced with dPhpC as they have shown to be very receptive to modifications.

Table 4.3. siRNA sequences containing multiple PhpC insertions designed to have
enhanced fluorescence intensity.
Duplex Sequence

5'-GCUUGAAGUCUUUAAUUAALt-3"

Control 3'-ggCGAACUUCAGAAAUUAAUU-5"
PhoC.7 5'-GCUUGAAGUCUUUAAUUAAL -3
siFhpt- 3'-ggCGAACUUCAGAAAUUAAUU-5 "

. 5' —~GCUUGAAGUCUUUAAUUAACC-3'
siPhpC-8 = =

3'-ccCGAACUUCAGAAAUUAAUU-5'"
Legend: RNA, dna, PhpC, dPhpC.
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DIC image siPhpC-8

siPhpC-8/DRAQ 5 overlay

Figure 4.7. Fluorescent microscopy of DRAQS stained HeLa cells transfected with siPhpC-
8. A. Differential interference contrast image. B. siPhpC-8 image showing intracellular
localization of siRNA (DAPI filters). C. DRAQ5 nuclear stain image (Cy5 filters). D.
siPhpC-8/DRAQ5 overlay image indicates siRNAs are accumulating in the cytoplasm.

Preliminary images using siPhpC-8 (Figure 4.7) suggest PhpC could serve as an
invaluable tool to study siRNA delivery and trafficking. The 3' and 5'-termini would
not be occupied by a fluorescent probe, thus lipophilic groups or targeting molecules
could easily be appended to siRNAs. In addition, the merits of “gymnotic” delivery of
oligonucleotides, which are devoid of terminal conjugations or transfecting agents,
has recently been described.®®’ In the absence of terminal conjugated fluorescent
probes, we believe PhpC is a suitable replacement to follow the uptake of these
“naked” oligonucleotides. The potency and localization of PhpC containing siRNAs
should then be tested in different sequence contexts and cell types to establish how
broadly this modification can be applied.

As discussed in section 4.1.3, base modifications can affect the immune-

modulatory properties of siRNAs, "3

an important off-target effect that is emerging
as a serious hurdle for their therapeutic development.®*® Therefore, the effect of
SiRNAs containing PhpC on immune stimulation should be verified. Our
understanding of immune stimulation by siRNAs is still at the discovery stage, but
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recent studies have shown that certain sequences can be more immunogenic than
others and varies among cell types.****"® Hornung et al. showed that a sequence of
nine bases (5'-GUC CUU CAA-3") at the 3' end of the sense strand is responsible for

370 and these effects are

immunostimulatory activity in plasmacytoid dendritic cells,
reduced by modifying the sequence with locked nucleic acids (LNA). Using the same
methodology, replacing the C residues for PhpC in this sequence could indicate
whether this modification can also modulate the immune response of SIRNAs.

Lastly, the Kkinetics of cleavage could be tested using the fluorescence of PhpC-1.
As previously discussed, developing a quick assay to screen the kinetics of modified
siRNAs by RISC could aid in designing more effective substrates. A fluorescence
based screening assay can also be developed to uncover enhancers of RISC activity,
as the existence of such factors have recently been suggested.*”* In addition,
fluorescence polarization or potentially FRET experiments between a PhpC
containing antisense strand and a fluorescently labeled RISC could determine on/off

rates of sSIRNA and monitor the duration the antisense strand is loaded in RISC.

4.4 Experimental methods
4.4.1 General methods

Chemicals and solvents were ACS grade or higher and were purchased from
Sigma-Aldrich or Thermo-Fisher. Anhydrous pyridine was obtained by distilling over
calcium hydride. All reagents used for oligonucleotide synthesis, including 2'-
deoxyribonucleotide and 2'-silylribonulceotide phosphoramidites, were purchased
from Chemgenes Corp. PhpC was synthesized according to previously described
methods. Autoclaved Millipore water treated with diethylpyrocarbonate (DEPC)*® was
used to manipulate RNA and prepare aqueous buffers.
4.4.2 Synthesis and purification of oligonucleotides

Solid-phase synthesis of oligonucleotides was carried out on an Applied
Biosystems 3400 DNA synthesizer using standard protocols.?®® Cleavage from the
solid-support was carried out in a 3:1 mixture of NH,OH:EtOH at room temperature
for 48 hours, and removal of the 2'-O-silyl protecting groups was achieved by

treatment with distilled triethylammonium trihydrofluoride for 48 hours. The crude,
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deprotected oligonucleotides were precipitated in ice-cold butanol and 3M sodium
acetate and quantitated by their UV absorbance at 260 nm on a Cary-300 UV-VIS
spectrophotometer (Varian Inc). Crude products were then analyzed and purified by
denaturing PAGE (7M urea) and visualized by UV shadowing using 254 nm light for
non-fluorescent oligonucleotides, and 365 nm light for fluorescent oligonucleotides.
Full length products were excised from the gels using a sterile surgical blade, and
eluted in DEPC treated water. The eluted products were desalted by size-exclusion
chromatography on G-25 Sephadex (GE Healthcare) and quantitated.
4.4.3 Thermal denaturation curves

For UV-Vis thermal denaturation experiments nucleotides and oligonucleotides
were analyzed in 1 mL solutions at 1 uM concentrations in a buffer of 10 mM sodium
phosaphate at pH 7.0 and 50 mM NaCl. Double-stranded oligonucleotides were
annealed in equimolar amounts by heating to 95°C and then slowly cooling to room
temperature on a heating block. Thermal denaturation experiments were performed
on a Cary-300 UV-Vis spectrophotometer (Varian Inc.) equipped with a 6x6 cell
changer and Peltier Temperature controller. Samples were heated from 10°C to 95°C
at a rate of 0.5°C per minute and the change in absorbance was measured every
1.0°C. The melting temperature (Tn,) values were obtained by the baseline (alpha)
method, and defined as the point when the mole fraction of duplex was equal to 0.5.
These values represent the averages of at least three independent experiments.
Fluorescent thermal denaturation plots were obtained in a similar fashion on a Cary
Eclipse fluorescent spectrophotometer equipped with a multi-cell Peltier temperature
controller and automated polarization accessories. Measurements for fluorescent
experiments were carried out in 1 cm X 1 cm quartz cells in 2 mL volumes and 1 uM
concentration of oligonucleotides
4.4.4 Fluorescent Measurements

Fluorescence intensity and polarization measurements were obtained on a Cary
Eclipse Spectrophotometer equipped with a multi-cell Peltier temperature controller
and automated polarization accessories. Measurements were carried out in 1 cm X 1
cm quartz cells in 2 mL volumes at r.t. in 1 uM concentrations in a buffer of 10 mM

sodium phosaphate at pH 7.0 and 50 mM NaCl. Excitation and emission bandwidths
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were set at 5 nm for all experiments. Emission spectra were obtained by exciting at
360 nm and monitoring the emission from 400 to 600 nm.
4.4.5 SIRNA gene silencing assays

SIRNA assays were performed by Dr. Francis Robert in the lab of Dr. Jerry
Pelletier of the McGill Cancer Centre. HelaX1/5 cells that stably express firefly
luciferase were grown as previously described '*°. The day prior to transfection, 0.5 x
10° cells were plated in each well of a 24-well plate. The next day, the cells were
incubated with increasing amounts of siRNAs premixed with lipofectamine 2000
reagent (Invitrogen) using 1 pL of lipofectamine. For the siRNA titrations, each
siRNA was diluted into dilution buffer (30 mM HEPES-KOH, pH 7.4, 100 mM
KOAc, 2 mM MgOAc;) and mixed with 200 ng of plasmid pCI-hRL-con expressing
the Renilla luciferase. 24 hours after transfection, the cells were lysed in hypotonic
lysis buffer (15 mM K;PO4, | mM EDTA, 1% Triton, 2 mM NaF, 1 mg/mL BSA, 1
mM DTT, 100 mM NaCl, 4 pg/mL aprotinin, 2 pg/mL leupeptin and 2 pg/mL
pepstatin) and the firefly and renilla light units were determined using a Fluostar
Optima 96-well plate bioluminescence reader (BMG Labtech) as described *’%. The
luciferase counts were normalized to the protein concentration of the cell lysate as
determined by the DC protein assay (BioRad). Cotransfecting the siRNAs and the
plasmid pCI-hRL-con expressing the Renilla luciferase mRNA *"* in the same cell
line showed no difference in expression of this reporter, demonstrating the specificity
of the RNAI effects (data not shown).
4.4.6 Fluorescence microscopy

HelaX1/5 cells were grown in 35 mm glass bottom culture dishes. The next day,
the native control siRNA, PhpC-containing siRNAs, or a ss-DNA conjugated to Cy3
(5'-Cy3-AGC TCC CAG GCT CAG ATC-3') were mixed with 1 pL of lipofectamine
2000 (Invitrogen) and incubated for 30 minutes. The cells were transfected with the
siRNA/lipofectamine mixture to a final concentration of 1 uM oligonucleotide. After
3 hours, DRAQ5 was added to the cell medium in a 1/10 000 fold dilution and
incubated for 15 to 30 minutes, after which time the medium was. The cells were
observed under a Zeiss Axiovert 200 wide field microscope using the DAPI filters to

image PhpC and Cy5 filters to image the DRAQS nuclear stain.
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Chapter5  Towards the development of improved
inhibitors against HIV-1 RT-mediated
nucleotide excision

5.1 Introduction
5.1.1 Thymidine analogue mutations and nucleotide excision

Nucleoside (or nucleotide) reverse transcriptase inhibitors were the first antiviral
compounds used to treat HIV in the clinic, and to this day are an important
component of combination therapy. However, insensitivity to treatment soon
developed in the first patients administered with NRTIs.®”” These resistance
mutations are located in the fingers, thumb and palm domains of RT and were named
thymidine analogue mutations (TAMSs). Nucleotide excision, also called primer
unblocking or phosphorolysis, is the major phenotypic mechanism of resistance of
HIV-1 RT with TAMs%%  Dyring excision, a pyrophosphate donor
(pyrophosphate or ATP) attacks the NRTI monophosphate at the 3'-terminus of the
primer to form an NRTI-triphosphate. For this reaction to occur the NRTI must
occupy the N-site of RT.%*®® Nucleotide excision is basically the reverse reaction of
nucleotide incorporation. In TAMs, the rate of ATP-mediated NRTI excision is much
higher compared to wild type (WT) RT, resulting in the rescue of DNA synthesis in
chain-terminated complexes. Although they confer a high level resistance to AZT, RT
with TAMs show resistance to other NRTIs as well.**

There are two common approaches to address the emergence of TAMs and
nucleotide excision. The first option is to develop NRTI analogues that would block
DNA synthesis but would be resistant to excision. For example, TAMs provide low-
level phenotypic resistance to 3TC. In addition, the 3TC resistant mutation M184V
reduces the ability of HIV-1 RT to carry out the excision reaction.'™* This observation
illustrates how the use of multiple nucleoside analogues like AZT and 3TC contribute
to successful drug regimens. Some nucleoside analogues that contain a 3'-hydroxyl
group can act as delayed chain terminators.®’**" In this model, the nucleotide
analogue would not inhibit polymerization immediately following incorporation, but

after allowing several incorporations of dNTPs thus avoiding excision. The second
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Figure 5.1. Nucelotide excision as illustrated by the phosphorolytic removal of
AZTMP from the 3'-end of a primer. The product of pyrophosphate mediated
excision is AZT-triphosphate (AZTTP), while the product of ATP mediated excision
is 5'-AZT-tetraphosphate-5'-adenosine dinucleotide (AppppAZT).

approach is to find compounds that block the excision reaction.®*3# NNRTI binding
to the non-nucleoside binding pocket reduces the rate of excision in addition to
inhibiting polymerization.®%* ATP and pyrophosphate analogues have been shown
to reduce excision as well, such as the ATP-mediated excision product 5'-AZT-
tetraphosphate-5'-adenosine dinucleotide (Figure 5.1).*°%¥! Thus inhibitors that
reduce nucleotide excision may represent a new therapeutic target towards HIV.

This chapter utilizes nucleotide analogues to study excision. Nucleotides with
sugar modifications are directed towards the development of analogues that are less
easily excised by RT and fluorescent nucleobase analogues are used to develop a
screening method to detect inhibitors of nucleotide excision.

5.1.2 Probing the relationship between sugar conformation and excision

The first study will investigate if RT nucleotide excision has a preference for
certain sugar pucker conformations. Preference for northern or RNA-like puckers
during DNA polymerization has been uncovered by X-ray crystallography and by
incorporating nucleotides with conformational biases. RT discriminates between
dNTP and rNTP substrates through the “steric gate” effect mediated by residue Y115
in the dNTP binding pocket.>**** Residue Y115 clashes with 2' substituents in rNTPs,
and also directs dNTPs to adopt a North conformation to reduce steric hindrance by
the 3'-hydroxyl group. In addition, modified nucleotides with sugar conformational
equilibrium favouring Northern sugar puckers are incorporated by RT easier than
Southern sugar puckers 237638

In the following experiments, we synthesize a library of primers having a variety
3'-terminal nucleotide analogues and measure their rates of nucleotide excision. We

employ a divergent strategy on solid support (controlled-pore glass, CPG) that does

148



not require the synthesis of individual nucleoside triphosphates or phosphoramidite
building blocks (Figure 5.2). The nucleotide analogues incorporated at the 3'-end of
the primers show a range of preferred sugar conformations. Nucleosides with
Southern sugar puckers include 2'-deoxythymidine (dT), arabinouridine'®**” and 2"
fluoro-2'-deoxyarabinothymidine (2'F-araT, South-East)*® (Figure 5.2). 3"-azido-

2',3'dideoxythymidine (AZT) exists as an equal population of both North and South
2'-fluoro-2'-deoxyribouridine (2'F-rU) and 2'3'-

conformers.®®  Uridine (rU),
dideoxythymidine (ddT) all prefer the northern conformation (Figure 5.2). %" The

assumption is that the nucleosides will maintain these conformations when

incorporated at the 3'-terminus of the oligonucleotide primer.
[¢] o (o]
ER S NS AN
Solid Support sam | N o) 0 Moo Lo ?
p?eferred
> 2 IR A~
52 -'Y}U ! L dT araU 2'F-araT
= T o ! ﬁ‘\NH ﬁl\NH \ﬁj\NH
% On support ‘fr?fo D o €77“o Ao %Lo o' o LL“o Ao
» . - b5 h o
=% phosphitylation/ =% j [peened @
ict=" i e 1
Synthesis'y e coupling e ] on on on ¥ o
from e T > e , ; o
5't0 3' ‘Qj/'f) b5 %, \(J\NH Conformational equilibrium
i‘;)jto "r:,.Om 'I’ Equal 3 0. o NAO
e, PO A A =
\ ~o ~ NSAZT North South

3'-terminus
Figure 5.2. Divergent strategy for the synthesis of primers with varying 3'-terminal

nucleotides. Incorporated nucleosides are shown in the blue box with sugar
conformational preferences. The primer is grown from the 5' to 3'direction. The free
3'-hydroxyl group is converted to a phosphoramidite on the solid support and coupled
to a various nucleosides. AZT coupling was accomplished using H-phosphonate

chemistry.
5.1.3 Developing a fluorescent nucleotide excision assay to screen inhibitors

The second set of experiments addresses the need for new methods to discover
inhibitors that can disrupt nucleotide excision. Currently, excision is assessed by gel-
based assays, which are inconvenient for screening large chemical libraries. Using
fluorescent nucleobase analogues, an assay amenable to 96-well microplate readers
was designed. In one construct, a fluorescent nucleobase sensitive to hybridization®®
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such as 6-phenylpyrrolocytidine (PhpC, Chapter 3) or 2-aminopurine (2AP), are
placed in the template strand opposite to the nucleotide to be excised (Figure 5.3A).
In another construct, the fluorescent nucleobase is placed at the 3'-terminus of the
primer and its excision by RT is monitored by fluorescence polarization (Figure
5.3B).
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Figure 5.3. A. Fluorescence nucleotide excision assay with the fluorophore on the
template stand. The hybridization sensitive fluorescent nucleobase (PhpC or 2AP) is
base paired to the nucleotide to be excised. Excision is accompanied by a change in
fluorescence. B. Nucleotide excision assay based on fluorescence depolarization with
the fluorophore placed at the 3'-terminus of the primer strand. Excision of the
fluorescent nucleotide generates a large decrease in fluorescence polarization.

5.2 Results and Discussion
5.2.1 Oligonucleotide in situ phosphitylation-coupling on solid support

The conversion of nucleosides to their 3'-(or 5'-) phosphoramidite derivatives can
be quickly achieved using N,N-diisopropylamino-(2-cyanoethyl)-phosphoramidic
chloride in high yields.'*® However, purification from side-products can prove
challenging as phosphoramidites are prone to degradation on silica gel columns. This
is particularly evident on smaller scales. In addition, some phosphoramidites are
hygroscopic viscous oils making their storage and manipulation tedious. An
alternative approach is to generate a phosphoramidite in situ or at the terminus of the
growing support-bound oligonucleotide, eliminating the need for column

purification.*®2% The phosphoramidite can then be directly coupled to a free

150



hydroxyl group in the presence of standard activators such as 4,5-dicyanoimidazole®®?

or 5-(ethylthio)-1H-tetrazole.>®
Our research group has employed in situ phosphitylation techniques for the

synthesis of lariat nucleic acids®**

and oligonucleotides containing 4'-
selenonucleotides.®** These studies, and reports from others, showed that 30
equivalents of phosphitylating reagent to the free hydroxyl gave the highest yields. In
the current study, we adapted this method as a route to synthesize an oligonucleotide
with different 3'-terminal nucleosides without having to synthesize each
corresponding phosphoramidite. We first evaluated how the ratio of base to
phosphitylating reagent affects the coupling yield. The 5'-hydroxyl of 3'-CPG-bound
thymidine was reacted with N,N-diisopropylamino-(2-cyanoethyl)-phosphoramidic
chloride in the presence of N,N-diisopropylethylamine (DIPEA) or pyridine as the
base (Scheme 5.1). The phosphitylated support-bound thymidine was coupled to 5'-
O-DMT-thymidine in 5-(ethylthio)-1H-tetrazole, and the yields were determined by
measuring the release of trityl cation after treatment with 3% TCA (Table 5.1).
Phosphitylation with 1 or 2 equivalents of DIPEA as the base gave excellent yields (>
95%), whereas coupling with pyridine as the base gave low vyields (< 15%) (Table
5.1).
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Scheme 5.1. Synthesis of a thymidine dinucleotide by phosphitylation-coupling on
solid support. All steps were performed on an ABI 3400 synthesizer except the final
detritylation, which was performed manually in culture tubes.
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Table 5.1. Coupling yields for the synthesis of dTpdT on solid support via in situ
phosphitylation-coupling under various basic conditions.
Trityl cation  Coupling yield

Column Base conditions' (1moles/g)"” (%)
1 2 equivalents DIPEA to phosphitylating agent 92.0 100
2 1 equivalent DIPEA to phosphitylating agent 90.4 98
3 0.5 equivalents DIPEA to phosphitylating agent 65.2 71
4 1 equivalent pyridine to phosphitylating agent 12.6 14

[a] The phosphitylating agent used was N,N-diisopropylamino-(2-cyanoethyl)-
phosphoramidic chloride. [b] The amount of dimethoxytrityl (DMT) cation released
per g of CPG was measured in triplicate by UVss (=76 000 M*cm™). [c] The
coupling yields were calculated as (DMT cation released after coupling)/(loading of
T-CPG before coupling) x 100, where the loading of the column was 91.8 umoles/g
of CPG.

The reaction times for the on-support phosphitylation reaction were further
optimized using 2 equivalents of DIPEA to phosphitylating agent in acetonitrile. The
mixture of diisopropylamino-(2-cyanoethyl)-phosphoramidic chloride and DIPEA
was added to the synthesis column in three 20 minute injections and showed no trace
of unreacted 5'-hydroxyl according to mass spectrometry. We also report that the
generation of the diisopropylammonium chloride salt produced during the reaction
did not cause any blockage on the lines on the DNA synthesizer. The coupling of the
CPG-bound oligonucleotide-5'-phosphoramidite to nucleosides dissolved in ACN,
DCM, THF and DMF were accomplished. It was observed that the water content of
the solvents greatly affected the overall yield. Unlike standard solid-phase synthesis
which uses an excess of phosphoramidites, trace amounts of water will consume
relatively more support bound phosphoramidite in this methodology and has a greater
impact on coupling yields.

5.2.2 Synthesis of primers with varying 3'-terminal nucleotide analogues

Oligonucleotide p22 was synthesized in the reverse direction (5' to 3') using 3'-
dimethoxytrityl-5'-phosphoramidites (Figure 5.2). 5° CPG-bound p22 was used to
incorporate various nucleosides at the free 3'-end of p22 using the optimized
phosphitylation-coupling conditions described in section 5.2.1. Gel electrophoresis of

p22 after on-column phosphitylation showed one major product with a molecular
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weight corresponding to phosphitylated p22 as determined by mass spectral analysis
(MW 6780.1 g/mole). CPG-bound phosphitylated p22 was coupled to 3'-acetyl
thymidine in ACN to give p23, dideoxythymidine (ddT) in DMF to give ddT-p23,
2',3'-diacetylribo uridine in THF to give rU-p23 and 2',3'-diacetylarabinouridine in
THF to give araU-p23. The extent of coupling was assessed by denaturing PAGE
(Figure 5.4) and the presence of the products confirmed by mass spectrometry (Table
5.2). The full length products accounted for the major band on the gel for most of the
crude oligonucleotides. The crude for ddT-p23 showed incomplete coupling, which
was attributed to water present in DMF during the reaction. Primers 2'F-rU-p23 and
2'F-araT-p23 were synthesized using standard solid-phase synthesis since only the
corresponding phosphoramidite building blocks were available. Primer p23 was also
synthesized using standard solid-phase synthesis to serve as a 23-nucleotide positive
control. The synthesis of primer AZT-p23 was accomplished from AZT 5'-H-
phosphonate and p22. Azides react with trivalent phosphorus making AZT
incompatible with the phosphoramidite

022 | p23 | AZT- approach, unlike the H-phosphonate
p23 approach ~ which  uses  pentavalent

phosphorus building blocks.**® AZT 5'-H-

e . B2 2 *’;‘w phosphonate was prepared by treating
AZT with diphenyl-H-phosphonate for 15

minutes followed by the addition of NEt;

and H,0 (Scheme 5.2).® The product was

purified by column chromatography.

Coupling of AZT 5'-H-phosphonate to

p22, followed by oxidation with 0.02 M I,

Figure 54. Analytical denaturing in H,O/THF/pyridine afforded AZT-p23

PAGE displaying crude material from in good vyield as assessed by PAGE
the synthesis of p22, from grown the 5'
to 3'direction, p23 synthesized from the
on-column phosphitylation/coupling of less time-consuming than using the
p22 and 3'-acetyl thymidine and AZT-
p23, synthesized from p22 and AZT 5'-
H-phosphonate. in much larger quantities.

(Scheme 5.2). This method is substantially

enzymatic approach for producing primers
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In summary, the on-support phosphitylation-coupling procedure generated the
desired oligonucleotides. This methodology has merits as an alternative to making
individual phosphoramidite building blocks for single nucleotide incorporations,
provided the nucleosides can be dissolved in a solvent with very low water content. A
divergent approach using H-phosphonate chemistry should be considered if
nucleosides containing azides, such as AZT-analogues, wish to be incorporated.

Table 5.2. Sequences and MS data of oligonucleotides used in the nucleotide excision
studies.

Mass Mass
Name Sequence (5'to 3") calculated measured
p22 gct agagatttt ccatictgac 6700.3 6700.4
p23 gct aga gat ttt cca ttc tga ct 7004.5 7004.6
ru-p23 gct aga gat tit cca ttc tga cU 7006.5 7006.6
araU-p23 gct aga gat tit cca ttc tga cU 7006.5 7006.7
2'F-rU-p23 gct aga gat ttt cca ttc tga cU 7008.6 7006.7
2'F-araT-p23 gct aga gat ttt cca ttc tga cT 7022.7 7022.7
ddT-p23 gct aga gat ttt cca ttc tga cd 6988.6 inc
AZT-p23 gct aga gat ttt cca ttc tga cZ 7029.5 7029.4
pC-p23 gct aga gat ttt cca ttc tga pct 7104.7 7104.8
pC-p22 gct aga gat ttt cca ttc tga pc 6800.5 6800.6
dG-p23 gct aga gat ttt cca ttc tga cg 7029.5 7029.8
pC-t42 cte aga cee igttggg ;(;tl 33‘2‘ 99 129672  12986.5 (Na+)
2 AP-t42 ctc aga ccc ttt t2APg tca gaa 12897 4 inc
tgg aaa atc tct agc agt ggc
Legend: T = thymidine, U = uridine, U = arabinouridine, U = 2'-deoxy-2'-fluoro

uridine, U = 2'-deoxy-2'-fluoroarabinothymidine, Z = 3'-azido-3'-deoxythymidine,
d=dideoxythymidine, pc = 6-phenylpyrrolodexoycytidine, 2AP = 2-aminopurine, inc
= inconclusive.
5.2.3 HIV-1 RT nucleotide excision of various 3'-terminal nucleotides

The extent of 3'-terminal nucleotide excision by HIVV-1 RT is summarized in Table
5.3. Nucleosides are sorted by sugar conformation with those having greater
preference for the northern conformations at the top. The majority of the nucleosides
tested show preferential sugar puckers that equilibrate between the C3'-endo (North,
P = 18) and C2'-endo (South, P = 162) conformations. The most notable exception is
2'F-araT that equilibrates between a C3'-endo/C2'-exo twist (North, P = -6) and

South-East conformations (P = 126).° The nucleosides that were excised the
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quickest, dT and 2'F-araT (Figure 5.5), show South or South-East sugar puckers
respectively. AZT, which has equal populations of North and South conformations,
also showed a high rate of excision (Table 5.3). However ddT, which has a greater
preference for the North pucker, also showed moderate excision (Table 5.3). 2'F-rU,
rU and araU were all poorly excised by WT HIV-1 RT. Among these, araU is the
only one that does not show a preference for the North sugar pucker (Table 5.3).

Table 5.3. Phase (P) parameters, conformational equilibria and rate of HIV-1 RT
excision of 3'-terminal nucleotides.

Nucleoside™ Northern  Southern % North Relative
P P excision
2' F-ru®’ 21 159 87 -
ddr**’ 11 154 75 +
ru®®’ 18 162 58 -
AZT>® 22 160 50 ++
araU®’ 22 151 46 -
2'F-araT™ -6 126 41 +H+
dar*®’ 18 162 40 +++

Legend: - no excision, + moderate excision, ++ fast excision, +++ very fast excision.
[a] Nucleoside sugar conformational preferences were obtained from indicated
references.

p22 AZT-p23 rU-p23 2'F-araT-p23 2'F-rU-p23 araU-p23

B —— ————
Shamee | L. SeEm—. Snwmy SWTES

015102030

Figure 5.5. Denaturing PAGE displaying HIV-1 RT catalyzed nucleotide excision of
3'-termnial modified primers. All reactions were stopped at the times indicated for
p22 (in minutes).

Considering sugar conformation alone, there is a trend towards Southern sugar
puckers being excised easier than Northern puckers. This is in agreement with a study

of nucleosides with fixed (or “locked”) North conformations showing poor
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excision.*”® Two notable exceptions to this trend suggest that other factors, such as
steric effects with the RT, also contribute to excision. Mutational studies on RT found
that araC could be resensitized to the excision reaction, implying a possible “steric
gate” effect for excision similar to that found in incorporation (Y115).383% |
addition, ddT would present the least steric clashes with RT and in that regard is
perhaps excised despite its preference for a North sugar pucker. Another
consideration is that sugar conformation and sterics may not directly affect the
catalytic efficiency of the excision reaction, but the propensity of the 3'-terminal
nucleotide to reside in the P-site or the N-site. It has been shown that the excision
reaction can only occur when a chain terminator occupies the N-site.®® Site-specific
footprinting experiments showed that a 3'-terminal AZT occupies the N-site, while a
3-terminal ddT occupies the P-site.®® This is in agreement with the excision data
presented in this study and suggests that the translocation state of our primers must be
addressed.

The data presented attempts to provide a direct investigation of how sugar
conformation can affect the excision reaction carried out by RT independent of the
incorporation reaction. In this regard, synthesizing terminated primers using solid
phase synthesis is advantageous over enzymatic methods that incorporate the
nucleotide from NTPs. Chemistries that are incapable for being incorporated by RT
can be evaluated for excision. For the purpose of developing better NRTI drugs,
incorporation must be considered. Invariably, this is the route NRTIs must take to
generate a chain terminated complex. Further studies should therefore consider the
rate of incorporation vs. excision.**® Excision also needs to be tested using RTs with
TAMs. Ultimately, novel structures that show reduced excision with these NRTI

resistant variants will have greater therapeutic implications.
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5.2.4 Design of fluorescent nucleotide excision assays

Nucleotide excision is emerging as a new potential antiretroviral target. To quickly
screen a library of compounds that can block excision, we envisaged two models for
fluorescence-based high throughput screening assays (Figure 5.3). The first assay
incorporates a fluorescent nucleobase that is sensitive to its hybridization state, such
as 2AP and PhpC. The fluorescent nucleobase is placed in the template strand based-
paired to the 3'-terminal nucleotide of the primer strand (Figure 5.3A). In the
duplexed state, both 2AP and PhpC would be expected to have their fluorescence in a
less emissive state. Upon excision of the 3'-terminal nucleotide by HIV-1 RT, the
unpaired fluorescent nucleobase would become more emissive (Figure 5.3A). In a
second model, the 3'-terminal nucleotide is a fluorescent nucleobase analogue, such
as PhpC (Figure 5.3B). The excision of the terminal fluorophore from the primer-
template would be accompanied by a large change in the size of the fluorescent
species, and this is expected to cause a measurable decrease in fluorescence
polarization (depolarization) (Figure 5.3B).

The fluorescent templates (pC-t42 and 2AP-t42) and primer (pC-p22) were
synthesized using standard solid-phase oligonucleotide synthesis and their
fluorescence properties measured on a fluorescence spectrophotometer. The
fluorescence of the single-stranded templates was compared to double-stranded
primer-template duplexes. In comparison to the single-stranded oligonucleotide, the
fluorescence of pC-t42 slightly increased when bound to p22 and decreased by 30%
when bound to dG-p23 (Figure 5.6). The decrease in fluorescence upon hybridization
to p23, when dPhpC is base-paired, is in agreement with previous studies. PhpC
shows relatively less quenching when placed at the terminus of a duplex.®?? This trend
appears to follow in the present study, except PhpC is on a longer template. However,
the increased fluorescence when binding to p22 was not expected as PhpC is
unpaired. A similar trend in fluorescence changes was observed with the 2AP-
containing template, where 2AP-t42 bound to p23 showed a 50% decrease in
fluorescence compared to the single-stranded template (Figure 5.6). These values
suggest that a fluorescence assay based on the 2AP-containing template may show a

better signal to noise ratio when evaluating excision.
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Figure 5.6. Comparison of the fluorescence intensity of PhpC and 2AP containing
templates single-stranded (blue bars), duplexed to p22 (red bars) and duplexed to
complementary 23-mer primers (green bars). Samples were measured at a
concentrations of 1 uM in 10 mM phosphate buffer (pH 7.0) and 50 mM NaCl at
25°C, Aex=360 nm, Aemm=465 nm for PhpC and Ae=307 nm, Aemm=371 nm for 2-AP.
The fluorescence signals of the substrate and product of the fluorescence
polarization assay was also verified. The free PhpC nucleotide has an fluorescence

polarization value below 0.03 FP units,*®

substantially less than the value for the pC-
p22+t40 primer template (0.28 FP units). Thus, the FP change would be easily
measurable should dPhpC be a competent substrate for excision.
5.2.5 Nucleotide excision assays on 96-well microplate reader

The fluorescence template incorporating 2AP was tested on a 96 well microplate
reader. Due to the low excitation and emission wavelengths of 2AP, the intrinsic
fluorescence of HIV-1 RT interfered with these readings. Since it was evident that no
fluorescence assays using 2AP could be carried out in conjunction with HIV-1 RT,
this strategy was abandoned.

The methodology incorporating a 3'-terminal dPhpC on the primer was also tested
for HIV-1 RT catalyzed excision on a 96 well microplate reader (Figure 5.7). The
polarization values for the primer-template (pC-p22+p42) in the microplate reader
were in agreement with those measured on the fluorescence spectrophotometer.

Interestingly, the fluorescence polarization increased in samples containing HIV-1 RT
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(Figure 5.7, red curve and green curve). This was attributed to RT binding to the
primer-template and suggests that PhpC may be a suitable probe to study nucleic
acid-protein binding interactions. The fluorescence polarization was unaffected in
samples containing only primer-template (Figure 5.7, blue curve) or primer-template
and pyrophosphate (Figure 5.7, purple curve). The samples containing RT and
primer-template without pyrophosphate show a slow decrease in polarization,
associated with nucleotide excision (Figure 5.7, red curve). This was attributed to
contaminating pyrophosphate that may be present in the enzyme preparation and
could be remedied by supplementing with pyrophosphatase. The samples containing
HIV-1 RT and pyrophosphate demonstrated the greatest rate of nucleotide excision
(Figure 5.7, green curve), as judged by depolarization, albeit to a lesser extent than in
the gel based assays. We hypothesize that several factors may contribute to this
observation. The conditions of the gel-based and microplate reader excision reactions
differed in substrate and enzyme concentrations. In addition, the HIV-1 RT
preparations originated from different batches. It is also possible that dPhpC is a poor
substrate for excision, as there is evidence that nucleobase composition affects the
rate of excision.**® Gel-based excision assays incorporating dP-p23 should determine
how the excision of dPhpC compares to other nucleobases. If the rate of excision of
dPhpC is insignificant in comparison to the common nucleobases, other highly
emissive analogues, such as 6-phenylalkynyluridine, could be substituted.*®®  This
assay should also be performed in the presence of NRTI resistant variants of RT with
enhanced rates of excision. Finally, known inhibitors of excision, such as foscarnet
and adenine-tetraphosphate-AZT dinucleotide, should verify that this system can
indeed detect potential drug candidates. This will determine the merits of this system

for high throughput screening.
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Figure 5.7. Fluorescence polarization assay to measure HIV-1 RT catalyzed
nucleotide excision of duplex (dP-p23+p42). The primer (dP-p23) incorporates a
terminal dPhpC, an emissive fluorescent nucleobase analogue. Each curve is the
average of samples run in duplicate. Legend: blue diamonds, dP-p23+p42; red
squares, HIV-1 RT and dP-p23+p42; purple circles, dP-p23+p42 and pyrophosphate;
green trianlges, HIV-1 RT, dP-p23+p42 and pyrophosphate.

5.3 Conclusion and Future Directions
5.3.1 Conclusions

This preliminary nucleotide excision study provides a framework for future
experiments geared to understanding pyrophosphorolysis as a key mechanism of drug
resistance. The gel based nucleotide excision assay suggests North biased sugar
puckers are poorly excised by RT. Sterics also appear to play a role in excision as the
ddT (north pucker) showed modest excision. South and South-East puckers, as found
in dT and 2'F-araT respectively, are excised easily and may not be suitable excision-
resistant modifications. Evidently, these results need to be repeated with more
nucleotide analogues and with RTs containing excision enhancing mutations.

The on-column phosphitylation/coupling strategy used in these studies
demonstrates that the synthesis of nucleoside phosphoramidite synthons can be

avoided. This can be very useful if the synthesis of a larger library of primers is
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required. Also, the synthesis of the AZT-chain terminated primer using H-
phosphonate chemistry is an attractive, alternative strategy to conventional enzymatic
approaches that produce generally limited amounts of material.

Our initial attempts at developing a high-throughput screening method for
nucleotide excision inhibitors has met with some degree of success. PhpC
outcompetes 2AP in terms of fluorescence intensity and having a red-shifted emission
spectrum that does not overlap with intrinsic protein fluorescence. Using the
fluorescence polarization of PhpC, RT catalyzed nucleotide excision was monitored
in a 96 well microplate reader. This reaction proceeded slower compared to gel based
assays, and may perform better after optimizing the conditions. The true utility of this
assay will only be established when it is tested to screen inhibitors of excision.

5.3.2 Future Work

A larger library of 3'-terminal nucleotides with preference for a wider range of
sugar puckers should be analyzed to obtain clearer trends on the role of conformation
on nucleotide excision. Nucleotide analogues with fixed conformations, such as
locked nucleic acids (LNA), would be advantageous for these purposes. Development
of a divergent on-column synthesis methodology utilizing H-phosphonate chemistry
would aid in synthesizing 3'-terminal nucleotides with azide groups. Future studies
should also explore nucleobase modifications, such as PhpC, since base composition
also affects excision. As discussed previously, the rates of incorporation’®® and
translocation from the P-site to the N-site should also be considered when assessing
excision rates.®

Further validation is required before the fluorescent polarization assay described in
this study can be used for screening compounds that block excision. The fluorescent
nucleobase, in this case dPhpC, must be representative of the NRTIs that are excised
in resistance mutations. For this purpose, the rate of excision of fluorescent
nucleobase analogues must first be verified in gel-based excision assays with wild
type RT and variants that display enhanced excision. Eventually, the excision assay
needs to be tested against known inhibitors. Finally, the assay should be utilized to
serve its purpose of screening new compounds that can serve as new drug candidates

to block nucleotide excision.
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5.4 Experimental methods
5.4.1 General methods

Chemicals and solvents were ACS grade or higher and were purchased from
Sigma-Aldrich or Thermo-Fisher. Anhydrous pyridine and DMF was obtained by
distilling over calcium hydride. All reagents used for oligonucleotide synthesis,
including 5'-O-DMT-2'-deoxyribonucleotides, 3'-O-DMT-2'-deoxyribonucleotides
phosphoramidites, p-cyanoethyl-(N,N-diisopropylamino) phosphorochloridite and
acetyl protected nucleosides were purchased from Chemgenes Corp. dPhpC was
synthesized according to previously described methods by Hudson and co-workers
(University of Western Ontario).*** AZT was obtained from Sigma-Aldrich.

2% \was used to

Autoclaved Millipore water treated with diethylpyrocarbonate (DEPC)
manipulate DNA and prepare aqueous buffers.
5.4.2 Synthesis of 5'-H-phosphonate-3'-azido-3'-deoxythymidine*™
Distilled pyridine (5 mL) was added to AZT (534 mg; 2 mmol) in a dry 25 mL
round bottom flask and purged with argon.’*®*%? To this solution, 7 mmols of
diphenyl-H-phosphonate was added drop wise under inert conditions. The mixture
was stirred at room temperature for 15 minutes, followed by addition of 2 mL of a 1:1
mixture of triethylamine and water (Scheme 5.2). The solution was stirred for an
additional 15 minutes after which the mixture was evaporated to dryness by rotary
evaporation, resuspended in minimal dichloromethane and applied to a silica gel
column. 5'-hydrogenphosphonate-3'-azido-3'-deoxythymidine was eluted in a mobile
phase containing 10% methanol in chloroform. The product was evaporated to
dryness and sublimed in 2 mL of dry benzene to give the triethylammonium salt of
the purified product as a thick white oil (170 mg, 52% vyield). The *H NMR of the
product was consistent with previous reported spectra.** *H NMR (400 MHz, CDCls)
& (ppm) = 10.0 (s, 1H, N-H), 7.65 (s, 1H, H-6), 7.12 (d, 1H, J=7.2, P-H), 6.24 (t, 1H,
J=6.8, H-1"), 4.42 (dd, 1H, J=9.4, J=5.8, H-3"), 4.10 (m, 2H, H-5"), 3.99 (d, 1H, J=2.5,
H-4", 2.3 (t, 2H, J=6.2, H-2'), 1.90 (d, 3H, J=0.8, CH; on C5). *'P NMR (200 MHz,
CD3CN) 8 = 3.39 ppm. ESI-TOF (m/z) 330.18 (M-).
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Scheme 5.2. Synthesis of 5'-hydrogenphosphonate-3'-azido-3'-deoxy thymidine (AZT
5'-H-phosphonate) from 3'-azido-3'-deoxy thymidine (AZT) and AZT-p23.

5.4.3 General synthesis and purification of oligonucleotides

Solid-phase synthesis of oligonucleotides p22, p23, rU-p23, araFT-p23, pC-p23,
pC-22, pC-t42 and 2AP-t42 were carried out on an Applied Biosystems 3400 DNA
synthesizer using standard protocols.?®® Cleavage from the solid-support was carried
out in a 3:1 mixture of NH,OH:EtOH at room temperature for 48 hours. The crude
oligonucleotides were gquantitated by their UV absorbance at 260 nm on a Cary-300
UV-VIS spectrophotometer (Varian Inc). Crude products were then analyzed and
purified by denaturing PAGE (7M urea) and visualized by UV shadowing using 254
nm light for non-fluorescent oligonucleotides, and 365 nm light for fluorescent
oligonucleotides. Full length products were excised from the gels using a sterile
surgical blade, and eluted in DEPC treated water. The eluted products were desalted
by size-exclusion chromatography on G-25 Sephadex (GE Healthcare) and
quantitated. Alternatively, oligonucleotides were purified by reverse-phase HPLC on
Varian Pursuit C-18 column (4.6 mm diameter 250 mm length) in buffer consisting of
100 mM triethyl ammonium acetate, pH 7.2 (95:5 water:acetonitrile) and eluted with
increasing concentrations of 100% acetonitrile. RP-HPLC purified oligonucleotides
were evaporated to dryness and quantitated. The mass of synthesized oligonucleotides
was obtained by LC-ESI at the Concordia University MS facility.
5.4.4 Oligonucleotide synthesis using on column phosphitylation/coupling

Oligonucleotides rU-p23, araU-p23 and ddT-p23 were synthesized using the on
support phosphitylation-coupling methodology. rU-p23, araU-p23 and ddT-p23 were
synthesized from p22 5'-bound to the solid support grown in the 5' to 3' direction.
Oligonucleotides were phosphitylated at the 3'-end on an ABI 3400 DNA synthesizer.
A mixture containing 40 pl of diisopropylethylamine (DIPEA), 20 pl of N,N-
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diisopropylamino-(2-cyanoethyl)-phosphoramidic chloride and 2 mL of ACN was
placed on an amidite port on the DNA synthesizer. The mixture was delivered to
columns containing p22 and reacted for 20-30 minutes. This step was repeated 2 or 3
times after which the column was purged with argon and flushed with ACN. 0.1 M
2',3"-acetyl ribouridine in anhydrous THF, 0.1 M 2'3-acetyl arabinouridine in
anhydrous THF or 2'3-didexoythymidine in anhydrous DMF were placed on
different amidite ports. 2',3'-acetyl ribouridine, 2',3'-acetyl arabinouridine and 2',3'-
didexoythymidine were delivered to separate columns containing p22 in the presence
of the activator, 5-(ethylthio)-1H-tetrazole (ETT), and coupled for one hour. After
coupling, the internucleotide linkages were oxidized with 0.02 M iodine in
H,O/pyridine/THF (1:7:2). The oligonucleotides were deprotected and cleaved from
the solid support and purified using the standard protocols described in the previous
section.
5.4.5 Synthesis of AZT-p23

AZT-p23 was synthesized by manually coupling AZT 5'-H-phosphonate to p22
according to published H-phosphonate chemistry.3%4%24% A column containing p22
grown in the 5' to 3" direction bound to the solid support at the 5'-end was sequentially
washed with 4 mL of DCM over 2 minutes, 2 mL of ACN over 1 minute, and 2 mL
3:1 ACN:Py over 1 minute. 0.3 mL of a freshly prepared solution of 75 mM AZT 5'-
H-phosphonate in distilled pyridine and 0.3 mL of a freshly prepared solution of 225
mM pivaloyl chloride in 3:1 ACN:Py were added to the column using syringes. After
2.5 minutes, the column was flushed with 3:1 ACN:Py over 1 minute and 1 mL ACN
over 1 minute. The column was placed on an ABI 3400 DNA synthesizer and
oxidized for 10 minutes using 0.02 M iodine in H,O/pyridine/THF (1:7:2). AZT-p23
was deprotected and cleaved from the solid support and purified using the standard
protocols described in the previous sections.
5.4.6 Fluorescent Measurements

Fluorescence intensity measurements were carried out on a Cary Eclipse
spectrophotometer equipped with a multi-cell Peltier temperature controller and
automated polarization accessories. Measurements were carried out in 1 cm X 1 cm

quartz cells in 2 mL volumes at r.t. in 1 or 0.25 uM concentrations in a buffer of 10
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mM sodium phosphate at pH 7.0 and 50 mM NaCl. Excitation and emission
bandwidths were set at 5 nm for all experiments. The emission spectra of PhpC-
containing oligonucleotides were obtained by exciting at 360 nm and monitoring the
emission from 400 to 600 nm. The emission spectra of 2AP-containing
oligonucleotides were obtained by exciting at 307 nm and monitoring the emission
from 320 to 500 nm.
5.4.7 Gel-based RT nucleotide excision assay

Gel-based nucleotide excision assays were carried out by Dr. Tatiana llina, a
member of the laboratory of Dr. Michael A. Parniak at the University of Pittsburgh,
Department of Microbiology and Molecular Genetics. Wild type p66/p51 HIV-1 RT
was prepared by previously described methods.”® DNA primers were 5'-radiolabeled
with y->P ATP by T4 polynucleotide kinase (Fermentas) using the manufacturer’s
recommended procedure. The DNA template (ctc aga ccc ttt tphpcg tca gaa tgg aaa
atc tct age agt ggc) and 5'-P-labeled primers were combined in a 2:1 ratio and
annealed by heating to 95°C followed by slow cooling to room temperature. Wild
type HIV-1 RT (40 nM final concentration) and annealed primer-templates (20 nM
final concentration) were incubated for 10 minutes at 37°C in reaction buffer (50 mM
Tris-HCI, pH 8.0, 50 mM KCl). The reactions were initiated by the addition of
sodium pyrophosphate to a concentration of 50 uM and 6 mM MgCl,. Aliquots were
removed at various times as indicated in Figure 5.6 and stopped by the addition of an
equal volume of loading buffer (98% deionized formamide, 1 mg/mL bromophenol
blue, and 1 mg/mL xylene cyanol)-Reaction products were resolved on 14%
denaturing PAGE and analyzed by phosphoimaging. The extent of nucleotide
excision was assessed by the amount of full-length primer remaining as measured by
densitometry.
5.4.8 Fluorescent nucleotide excision assay

Nucleotide excision was monitored by fluorescence on a Biotek Synergy 4 in 96-
well opaque plates. Experiments were run under identical buffer conditions as gel-
based assays in a final volume of 100 pL. The final concentration of the primer-
template substrate was 100 nM final and 25 nM HIV-1 RT. Reactions were initiated

by the addition of 50 uL of 300 uM sodium pyrophosphate (or water for controls).
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Excitation and emission wavelengths for PhpC were 360 nm and 465 nm

respectively, and for 2-aminopurine were 310 nm and 370 nm respectively.
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Chapter 6  Contributions to knowledge

6.1 Summary of contributions to knowledge
6.1.1 Chemically modified hairpins with inhibition towards HIV-1 RT RNase H

Based on site-specific footpriting assays, we have shown that short nucleic acid
hairpin inhibitors of RNase H and a primer-template substrate are capable of binding
to HIV-1 RT simultaneously. This suggests that the RNase H activity can be an
antiretroviral target independent of the rest of the enzyme. Hairpins conjugated with
cholesterol display enhanced thermal stability compared to corresponding
unconjugated hairpins. DLS experiments suggest the cholesterol-conjugated hairpins
aggregate and have greater potency towards the polymerase and RNase H activities of
HIV-1 RT through a bimodal mechanism of action.
6.1.2 Synthesis and physical properties of RNA containing PhpC

The fluorescent cytidine analogue, 6-phenylpyrrolocytidine (PhpC) was
synthesized and incorporated in RNA. Compared to unmodified RNA,
oligonucleotides bearing PhpC showed increased thermal stability. Like dPhpC, the
fluorescence intensity of single-stranded oligonucleotides containing PhpC is
quenched upon duplex with complementary strands. The extent of quenching is
dependent on the length and composition of the sequence. The neighboring guanosine
residues reduce the fluorescence intensity of PhpC.
6.1.3 A real-time fluorescent assay incorporating PhpC to measure RNaseH
activity

A fluorescent RNase H assay incorporating PhpC in RNA was developed. This
represents the first example of a fluorescent nucleotide analogue amenable to high-
throughput screening that outperforms widely-used fluorophores. This assay could
readily measure RNase H activity in real-time in both fluorescence intensity and
fluorescence polarization modes. Inhibition of HIV-1 RT RNase H activity by the
inhibitor DHBNH was shown to be detected by this method.
6.1.4 Incorporation of PhpC into siRNA

To further validate PhpC as a biologically relevant nucleotide analogue, siRNAs

containing PhpC insertions were shown capable of maintaining gene-silencing
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activity. Inserting PhpC in both the sense and antisense strands were well tolerated.
The high fluorescence intensity of PhpC motivated us to determine if its emission can
be detected in live cells. A single incorporation of PhpC into siRNA allowed us to
follow its distribution into HeLa cells, despite the background fluorescence of
NADH.
6.1.5 Sugar conformational preferences in HIV-1 RT nucleotide excision

The sugar conformational preference for nucleotide excision by HIV-1 RT was
addressed. Various 3'-terminal nucleotides were synthesized by a divergent on-
column phosphitylation/coupling technique. This procedure is not compatible with
azides, therefore we developed a convenient and high-yielding route to synthesize
AZT chain-terminated primers via H-phosphonate chemistry. This work suggests that
nucleotides with northern sugar puckers, such as RNA and 2'F-RNA are poorly
excised by HIV-1 RT. Also, it appears steric contributions at the 2' and 3' positions
may contribute to the rate of excision.
6.1.6 Development of an assay to screen inhibitors of nucleotide excision

As nucleotide excision is gaining interest as a therapeutic target for HIV, we
explored methods to screen agents that block this activity using fluorescent
nucleobases. 2-aminopurine is not a suitable fluorescent analogue for use in
enzymatic assays on plate readers due to the overlapping intrinsicl fluorescence of
proteins. A PhpC fluorescence polarization assay demonstrated real-time monitoring
of nucleotide excision. To our knowledge, this represents the first example of a

convenient and non-gel based screening method to measure nucleotide excision.

6.2 Papers and conference presentations

6.2.1 Papers published
Alexander S. Wahba, Tatiana Ilina, Michael A Parniak and Masad J. Damha. “Sugar
conformational preferences during nucleotide excision by HIV-1 RT.” Nucleic Acids

Symposium Series. 54, 2010, in press.

Alexander S. Wahba, Abbasali Esmacili, Masad J. Damha and Robert H.E. Hudson.

A single-label phenylpyrrolocytidine provides a molecular beacon-like response
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reporting HIV-1 RT RNase H activity. Nucleic Acids Research. 38: 1048-1056 ,
2010.

Alexander S. Wahba, Masad J. Damha and Robert H.E. Hudson. RNA Containing
pyrrolocytidine base analogs: good binding affinity and fluorescence that responds to

hybridization. Nucleic Acids Symposium Series. 52, 399-400, 2008.

Jonathan K. Watts, Blair D. Johnston, Kumarasamy Jayakanthan, Alexander S.
Wahba, B. Mario Pinto and Masad J. Damha; “Synthesis and biophysical
characterization of oligonucleotides containing a 4'-selenonucleotide,” Journal of the

American Chemical Society, 130, 8578-8579, 2008.

Jonathan K. Watts, Niloufar Choubdar, Kashinath Sadalapure, Francis Robert,
Alexander S. Wahba, Jerry Pelletier, B. Mario Pinto and Masad J. Damha; “2'-
Fluoro-4'-thioarabino-modified oligonucleotides: Conformational switches linked to

siRNA activity,” Nucleic Acids Research, 35: 1441-1451, 2007.
6.2.2 Manuscripts in preparation

Alexander S. Wahba, Fereshteh Azizi, Glen F. Deleavey, Francis Robert, Jerry
Pelletier and Masad J. Damha “siRNAs incorporating 6-phenylpyrrolocytidine: a
“molecular spy” with improved stability capable of monitoring activity and

biodistribution.”

Alexander S. Wahba, Bruno Marchand, Michael A. Parniak. Matthias Goétte and
Masad J. Damha. “Inhibition of HIV-1 RT RNase H Activity by chemically modified

nucleic acid hairpins.”

Alexander S. Wahba, Adam Katolik, Tatiana Ilina, Robert H.E. Hudson, Michael A
Parniak and Masad J. Damha. “A method to screen inhibitors of HIV-1 RT nucleotide

excision incorporating a fluorescent nucleobase analogue.”
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6.2.3 Conference Presentations

The presenting author is underlined

Alexander S. Wahba, Tatiana Ilina, Michael A Parniak and Masad J. Damha. “Sugar

conformational preferences during nucleotide excision by HIV-1 RT.” 19th IRT 3NA
Universite de Lyon, Lyon, France. Aug. 29 — Sept 3, 2010.

Alexander S. Wahba, Masad J. Damha and Robert H.E. Hudson. “Properties of RNA

containing phenylpyrroloribocytidine and its applicability to fluorescent microplate
assays.” 4™ Annual Meeting of the Oligonucleotide Therapeutics Society, Boston,

MA, United States, October 15- 18, 2008.

Alexander S. Wahba, Masad J. Damha and Robert H.E. Hudson. “RNA Containing 6-

Phenylpyrrolocytidine Base Analogs: Hybridization responsive fluorescence applied
to the study of RNase H” 18th IRT 3NA and 35th SNAC, Kyoto University, Kyoto,
Japan. Sept. 8-12, 2008.

Alexander S. Wahba and Masad J. Damha. Short RNA hairpins targeting the RNase
H activity of HIV-1 RT. 234" ACS National Meeting, Boston, MA, United States,
August 19-23, 2007.

Alexander S. Wahba, Bruno Marchand, Matthias Gotte and Masad J. Damha. Short

RNA hairpins as potential antiretroviral agents. 89™ Canadian Chemistry Conference

and Exhibition. May 24-31, Halifax, NS, 2006.

Alexander S. Wahba, Bruno Marchand, Matthias Gotte and Masad J. Damha. Short

RNA hairpins as potential antiretroviral agents. 16™ Quebec-Ontario Mini
Symposium of Bioorganic and Organic Chemistry. November 10-12, Sainte Adele,
QC, 200s.
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