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Abstract
In boranophosphate (BP) nucleotides, a borane (BH3) group is substituted for a
non-bridging phosphoryl oxygen of a normal phosphate group, resulting in a class of
modified isoelectronic DNA and RNA mimics that can modulate the reading and
writing of genetic information. 5'-(α-P-borano)nucleoside triphosphates (NTPαBs) are
good substrates or inhibitors for many viral RNA polymerases and reverse
transcriptases (RT) when compared with natural nucleoside 5'-triphosphates (NTPs). A
practical aspect of this coding phenomenon employs T7 bacteriophage DNA-dependent
RNA polymerase (DdRP) to synthesize BP-modified RNA utilizing NTPαBs as
monomeric substrates. Additionally, the α-P-borano modification can be used to probe
the catalytic phosphoryl transfer mechanism used by viral polymerases, and possibly
enhance existing anti-viral chain terminating nucleotides.
The primary goal of this dissertation is to better understand the effects of
NTPαBs on the activity of viral polymerases. In the last decade several NTPαBs have
been shown to be efficient and selective substrates for wild-type (wt) and, to a greater
extent, HIV and MMLV drug-resistant viral reverse transcriptases. More recently NS5B,
the Hepatitis C viral RNA-dependent RNA polymerase (HCV RdRP), is a viable target
for nucleotide-based inhibition studies. Due to the similarities between the active sites
of HIV-RT and HCV NS5B, it is therefore relevant to investigate the substrate properties
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of this unique modification. We investigated, for the first time, the inhibition kinetics of
HCV NS5BΔ55 RdRP by two newly synthesized NTPαB analogs: 2'-O-methyladenosine
5'-(α-P-borano) triphosphate (2'-OMe ATPαB, 9a) and 3'-deoxyadenosine 5'-(α-P-borano)
triphosphate (3'-dATPαB, 9b) and the steady state incorporation kinetics of ATPαB
(51a). Our results showed that:
(1) Rp-2'-OMe ATPαB (9a) and Rp-3'-dATPαB (9b) exhibited a 3.5- and 16-fold
lower IC50 respectively when compared with natural phosphate controls, suggesting
greater inhibitory potency.
(2) Additionally 9a and 9b demonstrated a 5- and 21-fold lower inhibition
constant (Ki) respectively when compared with the natural phosphate. Both compounds
retained the competitive inhibition behavior of their parent nucleotides.
(3) HCV NS5BΔ55 preferred the Rp isomer of ATPαB (Vmax/Km = 0.095) over the
natural ATP substrate (Vmax/Km = 0.057). None of the Sp isomers were substrates for HCV
NS5BΔ55. We further concluded that wild-type (wt) HCV NS5B seems to discriminate
against 3'-deoxy NTPs via lost interactions between the 3'-OH on the ribose and the
active site residues, or lost intramolecular hydrogen bonding interactions between the 3'OH and the pyrophosphate leaving group during phosphoryl transfer. The overall
implications of this proof of concept study are that existing viral RdRP inhibitors could
be retro-fitted with the boranophosphate modification to possibly increase potency.
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This dissertation also explored the synthesis of anti-HIV-RT boranophosphate
nucleotides which act through a chain terminating or mutagenic mechanism. 2'-3'didehydro-2'-3'-dideoxythymidine 5'-(α-P-borano)-diphosphate (D4TDPαB, 30) was
synthesized and later stereoselectively phosphorylated to yield the Rp-form of D4TTPαB
(31). This was tested as a substrate in two multi-drug resistant forms of HIV-RT.
Additionally, the NTPαB analogue of the mutagenic 5-aza-5,6-dihydro-2'-deoxycytidine
(KP-1212-TPαB, 16) was synthesized with the eventual goal of inducing error
catastrophe during viral genomic replication.
Lastly we detail the extraction and purification of gemcitabine (dFdC) from
Gemzar® drug mixture using a derivatization method that produced a protected form
of gemcitabine nucleoside. This protected gemcitabine was then used to synthesize
gemcitabine 5'-triphosphate (dFdCTP, 42).
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1. Introduction
1.1 Nucleic Acids and the Central Dogma of Molecular Biology
Information transfer is an aspect of all life. Without this essential process a living
cell could not function, nor could life itself propagate. The very scaffolding of even the
most basic life forms are built of proteins that coded from genetic information.
Information transfer consists of two major processes: transcription and translation.
Deoxyribonucleic acid (DNA) is a nucleic acid biopolymer where genetic information is
stored and replicated. This information is transferred from DNA to ribonucleic acid
(RNA) via transcription, and the RNA, in the form of messenger RNA (mRNA), is
translated to protein in the ribosomal complex (Figure 1). The amino acid sequence that
makes up the protein is directly dependent on the nucleic acid sequence of the DNA and
RNA (Voet et al., 2005).

Figure 1: Central dogma of molecular biology: information is transcribed
from DNA to RNA, then translated to proteins.
RNA can also be reverse transcribed to yield complementary DNA using reverse
transcriptases (RT) which are usually found in retroviruses. DNA and RNA are made
up of repeating nucleic acid subunits called nucleotides that contain a nucleobase, ribose
1

sugar (or deoxyribose in the case of DNA), and a phosphate diester backbone that links
the 5' and 3' hydroxyls of adjacent sugars. Nucleotides lacking a phosphate group are
named nucleosides and the polymeric DNA and RNA phosphodiesters can be referred
to as oligonucleotides, or just oligos (Voet et al., 2005). DNA nucleotides contain a
deoxyribose sugar that lacks a 2' hydroxyl group (2'-OH), whereas RNA contains both 2'
and 3'-OH. DNA and RNA share three common nucleobases: adenine (A), guanine (G),
and cytosine (C). The remaining nucleobases are the structurally similar thymine (T) for
DNA, and uracil (U) in the case of RNA (Figure 2).
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Figure 2: DNA and RNA nucleotide structures: A) 5'-nucleoside triphosphate
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Two oligonucleotide strands hybridize via hydrogen bonding interactions,
referred to as Watson-Crick base pairing, in an anti-parallel orientation with adenosine
pairing with thymine (DNA) or uracil (RNA), and guanosine pairing with cytosine
(Figure 3) forming a double helix structure (Donohue, 1956; Watson and Crick, 1953).
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Figure 3: Watson-Crick base paring of RNA or DNA. Adenine (A) and uracil
(U), or thymine (T), pair up using two hydrogen bonds, and guanine (G) and cytosine
(C) utilize three hydrogen bonds (Donohue, 1956).
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These nucleobases are the source of the genetic code and the base
complementarity is the physical basis for information transfer. DNA and RNA are
enzymatically synthesized in cells via polymerases that utilize nucleoside triphosphates
(NTPs) as substrates. An existing DNA/RNA strand is used as a template, and the
appropriate NTPs are incorporated to form complementary base pairs (bp). DNA
polymerases and viral reverse transcriptases (RT) regularly utilize a short primer strand
to help initiate polymerization (Lehman et al., 1958). DNA dependent RNA
polymerases (DdRP), which uses a DNA template to make RNA (T7 RNA Polymerase),
and RNA dependent RNA polymerases (RdRP) which uses an RNA template to make
RNA (RNA viruses), can initiate complement strand synthesis with or without a primer
i.e. de novo synthesis (Lohmann et al., 1998; Martin and Coleman, 1987).

1.2 Boranophosphate Nucleosides and Oligonucleotides
1.2.1 Modifications of DNA and RNA
Nucleic acids can be chemically modified on the phosphate, sugar, or base which
can alter the biological activity of the DNA or RNA strand (Figure 4).
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Figure 4: Potenital DNA or RNA oligonucleotide modifications.
The phosphate of the diester linkages found in oligonucleotides and in
nucleoside monophosphates (NMPs), nucleoside diphosphates (NDPs), and nucleoside
triphosphates (NTPs) can be modified in a number of ways, each altering the biological
activity of the parent nucleotide. Modifications that have been studied extensively in
literature include methylphosphonates, phosphorothioates (PS), and boranophosphates
(BP) (Figure 5) (Eckstein and Gish, 1989; Li et al., 2007; Miller et al., 1980).
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Figure 5: : Phosphate modifications: A) natural 5'-nucleoside triphosphate
(NTP), B) 5'-(α-P-borano)nucleoside triphosphate (NTPαB), C) natural
phosphodiester, D) boranophosphate (BP), e) phosphothioate (PS), and F)
methylphosphonate.
All three of these chemical modifications share similar structural and electronic
aspects in that they all replace one non-bridging oxygen on the phosphate moiety and
create a chiral phosphorus; though, methylphosphonates and boranophosphates are
molecular substitutions as opposed to an atomic substitution as in the case of
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phosphorothioates. The phosphates of DNA and RNA bearing these modifications tend
show an increase in cellular nuclease resistance varying with number of substitutions,
position of the substitution, the stereoisomer used. This resistance to degradation is
important when considering the use of DNA and RNA as therapeutics.

1.2.2 Boranophosphate (BP) Modification
Boranophosphates are isoelectronic to normal phosphates, isolobal to
phosphorothioates, and are isosteric to methylphosphonates (Shaw et al., 1993). Borane
(BH3) contains a much less electronegative boron atom (2.04) in comparison to oxygen
(3.44). This implies that more electron density should reside on the phosphorus and the
other non-bridging oxygen when compared to normal phosphate. Evidence from
computational and crystal structure studies demonstrated that the BH3 group on
dimethylboranophosphate indeed bore less negative charge, compared to normal
phosphate along with slightly more negative charge on the phosphate and non-bridging
oxygen (Summers et al., 1998). Additionally, the BH3 group, lacking nonbonding
electrons in its valence shell, does not coordinate to atomic or molecular cations such as
magnesium or triethylammonium. Substituting a BH3 for oxygen gives rise to Rp and Sp
stereoisomers which each can have different biological activities depending on the
application (Sood et al., 1990).
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The combination of diffuse negative charge and lack of coordinating valence
electrons inherent to the BP modification imparts many unique biological properties to
nucleotides and oligonucleotides (BP-RNA and BP-DNA) (Li et al., 2007). The Rp
stereoisomer of 5'-(α-P-borano) deoxynucleoside triphosphates (dNTPαB) and 5'-(α-Pborano) nucleoside triphosphates (NTPαB) can be readily incorporated into taq DNA
polymerase and T7 RNA polymerase respectively to generate boranophosphate DNA
and RNA (Hall et al., 2004; Porter et al., 1997) (Figure 6).
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O P O P O P O
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Base = A, G, C, or U (T)
R = H (DNA), or OH (RNA)
Figure 6: NTPαB and dNTPαB general structures.
These boranophosphate oligos can be transcribed or even translated to proteins
in a similar manner to natural DNA and RNA. BP-DNA can be used to regulate gene
expression through an antisense pathway by hybridizing readily with target mRNA and
inducing ribonuclease H (RNase H)-mediated RNA strand cleavage (Fisher et al., 2002;
Johnson et al., 2011). single interfering RNA (siRNA) has shown the ability to be
processed by cellular enzymes and to be effective at recruiting RNA induced silencing
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complex RISC which leads to target mRNA degradation (Hall et al., 2006). The nuclease
resistance inherent to BP-RNA provides a longer half-life in cells leading to a longer
period of gene silencing (Hall et al., 2004).

1.3 Antiviral Nucleoside and Nucleotide Analogues
1.3.1 Anti-HIV Nucleosides and Nucleotides
As small molecules, nucleosides and nucleotides have great potential in the
treatment of viral infections and cancer. With the outbreak of human immunodeficiency
virus (HIV) and the subsequent onset of autoimmune deficiency syndrome (AIDS) new
strategies had to be developed quickly. One such strategy is the use of nucleoside-based
inhibitors that target the HIV reverse transcriptase (RT) enzyme, which is ultimately
responsible for the replication of the viral genome. Canonical, or obligate, chain
terminating nucleoside triphosphates that lack a 3'-OH target the viral replication
process by incorporating into the RT-catalyzed DNA strand. This prevents further chain
elongation and eventually halts the proliferation of HIV in cells. These nucleotide based
reverse transcriptase inhibitors (NRTIs) included the first FDA-approved
azidothymidine (AZT), along with Didanosine (ddI), Stavudine (D4T), Lamivudine
(3TC), and Tenofovir (PMPA) (Figure 7) (Bressanelli et al., 1999; De Clercq, 2009).
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Figure 7: FDA approved nucleotide based reverse transcriptase inhibitors
(NRTIs).
The success of NRTIs depends upon the ability of the nucleosides to be: (1) taken
up by infected cells, (2) then subsequently phosphorylated by intracellular kinases to the
active NTP form, and (3) the NTP form must be a good competitive inhibitor against the
target enzyme (Perno et al., 1988; Singh et al., 2010). Since the negatively charged
triphosphate form of these nucleosides cannot penetrate the cell membrane, a prodrug
form of the nucleoside, or the nucleoside itself, must be used. The nucleoside being
uncharged enters the cell and is metabolized by intracellular kinases to form the active
triphosphate form (Schneider et al., 2000). For example, as shown in Figure 7, a chain
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terminator nucleoside like dideoxycytidine (ddC) would be phosphorylated by
nucleoside kinase (NK) to form dideoxycytidine 5'-monophosphate (ddCMP), then
phosphorylated by nucleoside monophosphate kinase (NMPK) to dideoxycytidine 5'diphosphate (ddCDP), and finally ddCDP would be phosphorylated by nucleoside
diphosphate kinase (NDPK) to the active dideoxycytidine 5'-triphosphate (ddCTP)
(Figure 8).

Nucleoside → NMP → NDP → NTP
(active form)
N

NK

N

NMP (toxic?)
NMPK

Viral RNA

NDP (toxic?)

Cell RNA (Toxic?)
NDPK

NTP (active species)

NTP

Figure 8: Cell metabolic pathway of a nucleoside (N) by nucleoside kinase
(NK), nucleoside monophosphate kinase (NMPK), and nucleoside diphosphate
kinase (NDPK) to the active NTP form within a cell (Schneider et al., 2000).
The nucleoside phosphorylation efficacy depends greatly on a number of factors,
the most important being the extent of nucleobase or sugar modifications. Therefore, a
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balance must be struck between the active triphosphate form’s inhibition efficacy, and
the phosphorylation efficacy of the different metabolites. Lastly, toxicity issues unique
to each NRTI can arise at each phosphorylation step, further complicating this
therapeutic approach.
Efficacy of NRTIs can be severely compromised by the proliferation of HIV
strains containing drug-resistant mutant RTs that arose from high viral mutation rates
and incomplete viral suppression in early treatments (Preston et al., 1988). These
mutations can affect the binding constant (Kd) and catalytic constant (kpol) of NRTI
incorporation (Singh et al., 2010; White et al., 2002), or can increase the rate of
pyrophosphorolytic repair, i.e., removal of a successfully incorporated NRTI with
pyrophosphate (PPi) or ATP (Meyer et al., 1999). Mutations that maximize
pyrophosphorolytic or ATP-mediated repair (D67N, K70R, T215Y, and K219Q) differ
mechanistically from mutations that reduce the rate of NRTI incorporation (K65R,
M184V, and Q151M). As a result, each NRTI would promote the selection of drugresistance differently, depending directly on structural deviations from the natural
nucleotide (Meyer et al., 1999; Selmi et al., 2001).
1.3.1.1 Suppression of HIV Drug Resistance with Boranophosphate
Our research group and another have shown that the Rp-5'-(α-Pborano)nucleoside triphosphate (Rp-NTPαB) analogues of AZT (AZTTPαB), D4T
12

(D4TTPαB), ddA (ddATPαB), and ddC (ddCTPαB) are better substrates for drugresistant HIV-RTs and the related Moloney Murine Leukemia Virus Reverse
Transcriptase (MMLV-RT), compared to the natural NTPs (Deval et al., 2002; Dobrikov
et al., 2003b; Meyer et al., 2000; Selmi et al., 2001).

1.3.2 Anti-HCV Nucleosides
Hepatitis C virus (HCV) is known to persistently infect 170 million people
worldwide and is one of the leading causes of cirrhosis (WHO, 1999). Additionally, 40%
of all HCV-related deaths are due to the development of hepatocellular carcinoma
(Sangiovanni et al., 2006). Currently the only FDA approved treatment for HCV
infection is a combination of ribavirin and pegylated interferon α2b, which is
approximately 40% effective and can lead to severe mental side effects (Fried et al.,
2002). In the last ten years a range of nucleotide-based inhibitors have been developed
that target the HCV non-structural protein 5B RNA-dependent RNA polymerase (HCV
NS5B RdRP) (Powdrill et al., 2010) (Figure 8). Although this strategy in theory mimics
that of anti-HIV NRTIs, many of the nucleosides that are considered chain terminators
actually have a 3'-OH group. These are termed non-canonical, or non-obligate, chain
terminators.
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in clinical trials (Powdrill et al., 2010).
The only types of anti-HCV nucleoside-based inhibitors that were effective in
cell culture studies, or made it into clinical trials, are the non-canonical type chain
terminators. One reason that 3'-deoxy ribonucleosides (3'-dN) are not effective in cellbased assays is that the nucleosides are very poor substrates for intracellular kinases.
The 3'-OH group seems to be crucial for ribonucleoside phosphorylation by intracellular
kinases, in contrast to anti-HIV dideoxynucleosides, which have much greater
phosphorylation efficacies (Klumpp et al., 2006; Meyer et al., 2000; Shim et al., 2003).
The non-canonical chain terminators that contain a 2'-OMe or 2'-C-Me group inhibit HCV
NS5B RdRP-catalyzed RNA synthesis by incorporating into the growing strand and
sterically blocking the next incoming NTP. Van der Waals interactions between the
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methyl group and the ribose of the incoming NTP create a steric repulsion that may lead
to rejection of all incoming NTPs (Figure 10).

Figure 10: Non-canonical chain terminator mechanism of action. 2'-C-Me ATP
modeled in the primer position with incoming ATP. Transparent spheres represent
the van der Waal radius of the 2'-C-methyl group (magenta) of 2'-C-Me ATP and the
ribose (green) and C1' (green) atoms of ATP. From an adapted crystal structure of φ6
bacteriophage RdRP initiation complex fitted with HCV NS5B RdRP residues
(Butcher et al., 2001; Migliaccio et al., 2003).
Until now boranophosphate-modified NTPs have not been studied as potential
substrates or inhibitors of HCV NS5B enzyme. More specifically, the boranophosphate
modification has not been tested with either canonical (lacking 3'-OH) or non-canonical
(steric-blocking) anti-HCV nucleosides or nucleotides. We hypothesize that the α-P-BH3
15

modification of 3'-dexoyribonucleosides would instill a greater inhibitory effect on HCV
in a similar manner to that observed with anti-HIV ddNTPαB analogues.

1.4 Project Definition and Organization
Boranophosphate nucleotides are a novel and versatile class of DNA and RNA
mimetics that have a wide range of applications in both fundamental biochemistry and
as potential therapeutics. In theory, borane (BH3) on the boranophosphate moiety is
isoelectronic with phosphoryl oxygen, yet the negative charge is distributed over a
larger volume leading to a more diffuse surface charge. Additionally, neither the boron
nor the hydrogen atoms on BH3 have available lone-pair electrons. Thus, replacing the
non-bridging oxygen with BH3 on the RNA and DNA reduces the coordination to water
and cationic amino acid residues; it also decreases its localized negative charge.
Additionally, since the BH3 group of an NTPαB contains a less electronegative boron
atom compared with an α-P-oxygen atom in a natural NTP, then additional electron
density would reside on the phosphorus atom. This would give rise to a number of new
biological properties, some of which are examined in this dissertation. We propose that
the boranophosphate modification can therefore be used as a molecular probe to: (1)
further elucidate the mechanisms of NTP selectivity and possible drug-resistance that
are inherent to all viral polymerases, and (2) provide a possible therapeutic
enhancement of existing nucleotide-based polymerase inhibitors.
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This dissertation is organized into six chapters with appendices. Chapter 1 gives
a broad overview of nucleic acid modifications and their relevance in the fields of RNAi
and virology. In Chapter 2, the instrumental setups, materials and methods, and general
methodology are discussed. The substrate and steady-state inhibition properties of 2'-Omethyladenosine 5'-(α-P-borano) triphosphate (2'-O-Me ATPαB) and 3'-dexoyadenosine
5'-(α-P-borano) triphosphate (3'-dATPαB) versus hepatitis C viral NS5B RNA-dependent
RNA polymerase are discussed in Chapter 3. The Rp isomers of both 2'-O-Me ATPαB
and 3'-dATPαB were found to 5- and 21-fold better inhibitors respectively than the
natural phosphate controls. Additionally, the steady-state kinetics of Rp-ATPαB
incorporation was studied along with the substrate properties of all four natural NTPs.
Chapter 4 focuses on the synthesis and purification of anti-HIV boranophosphate
analogues. This includes the first synthesis of 5-Aza-5,6-dihydro-2'-deoxycytidine 5'-(αP-borano) triphosphate (KP-1212-TPαB) from the mutagenic anti-HIV nucleoside 5-Aza5,6-dihydro-2'-deoxycytidine. Additionally, Chapter 4 discribes the synthesis of a
diastereomeric mixture of d4TDPαB, which was later phosphorylated to the stereopure
Rp-d4TTPαB and tested in a multi-drug resistant HIV-RT assay.
Chapter 5 describes the synthesis of gemcitabine triphosphate (dFdCTP) from a
Gemzar® drug mixture using the bulky silyl protecting group t-butyldiphenylsilane
(TBDPS), which was used to selectively silylate the primary hydroxyl groups on both the
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dFdC and the drug excipient D-mannitol, which allowed for a much easier silica gel
column separation. The dFdCTP was utilized as a substrate for the mutant Y639F T7
RNA polymerase to produce an RNA strand containing multiple gemcitabines.
Finally, Chapter 6 details the routine synthesis of NTPαB analogues containing
all four natural nucleobases (A, G, C, and U), which were subsequently used for the
enzymatic synthesis of siRNA (BP-siRNA). Additionally 2'-F CTP was synthesized via a
modified Ludwig-Eckstein approach using the milder oxidizing agent, t-butyl
hydroperoxide in place of iodine.
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2. Materials and Methods
2.1 Instruments and General Methodology
Silica gel flash chromatography and Thin layer chromatography (TLC)
Merck silica gel 60 F254 plates (Merck KGaA, Germany) were used to visualize
all non-phosphate reactions under short wave UV light or by heating the plate after
applying a small amount of Dische reagent (0.5% cysteine·HCl in 3M H2SO4).
Manual silica gel flash column chromatography was performed using a 30 cm X
5 cm glass column with a Teflon stopper. Silica gel (100-200 mesh) was purchased from
Fisher Scientific.
High performance flash chromatography (HPFC) was performed on a Biotage
Horizon™ system (Biotage, USA). The system included a single piston pump, UV
detector fixed at a wavelength of 254 nm, and an automated fraction collector. Sample
aliquots were loaded directly into a Flash+™ cartridge (recommended column loading:
200-400 mg for FLASH 12+M, 800-1600 mg for FLASH 25+M, or 2-5 g for FLASH 40+M)
or a Flash+™ samplet pre-column.

Ion-exchange chromatography
Ion-exchange chromatography used Whatman QA-52 quaternary ammonium
cellulose packed into a 1.5 X 30 cm column fitted to a ISCO LC system (Teledyne Isco,
Inc.). This system included aTris™ peristaltic pump with a flow rate of 6 ml/min., UA-6
19

UV detector fixed at 254 nm, and a Foxy 200 automated fraction collector. Ammonium
bicarbonate buffer was used to elute the loaded samples.

Reverse-phase high performance liquid chromatography (RP-HPLC)
Analytical HPLC was performed on a Varian Prostar™ HPLC fitted with a
DeltaPak C18 300 mm X 15 μm column with a 100 Å pore size (Waters Corp), and a
guard column. The system included a Varian 330.71 PDA detector, a solvent delivery
module, and a Varian 430 autosampler. All solvents were filtered through a 0.2-micron
filter (Millipore) and included methanol, acetonitrile, deionized water, 50 mM
triethylammonium acetate (TEAA), or 150 mM triethylammonium bicarbonate (TEAB).
TEAB was found to dissolve silica-based C18 stationary phase eventually.
Semi-preparative HPLC was performed on a Waters™ HPLC system that
included a Delta 600 multi-solvent delivery system, a 996 photodiode array (PDA)
detector, and a 600S controller. A semi-preparative C18 PrepPak Cartridge (Waters
Corp) column was used, with a dimension of 25 mm (d) x 100 mm (l) with a 125 Å
particle size. The column was placed in a Prep LC Universal Base (Waters Corp) with a
25 mm (d) pre-column, and externally pressurized at 900 psi with isopropyl alcohol.
Millenium32 software was used to observe product elution.
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Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectra were recorded on a Varian-Inova 400 spectrometer, and chemical
shift values (δ) are relative to tetramethylsilane (TMS) for 1H NMR or D3PO4 coaxial
external standard for 31P NMR. The signals were expressed as s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet).

Electrospray Ionization Mass Spectrometer (ESI-MS)
The mass spectra of all nucleoside and nucleotide samples were obtained using
an Agilent 1100 series Liquid Chromatograph/Mass Selective Detector (LC/MSD),
controlled by a LC/MSD Software 5.3 (Applied Biosystems). The instrument was located
in the Duke University Chemistry Department Instrument room maintained by Dr.
George Dubay. For all studies herein, a Harvard Apparatus 22 Model Infusion Syringe
Pump was used to directly inject samples into the ion-trap.

Liquid Scintillation Counter
Radiation in liquid samples and cationic filters containing 33P-labeled nucleic acid was
determined using a Beckman Coulter LS-6000 Scintillation Counter (Beckman Coulter)
located in the laboratory of Dr. Xinnian Dong, Department of Biology, Duke University.
Radioactive filter were immersed in 4 mL of Safety-Solv™ counting cocktail (Research
Products International Corp.) using 20 mL screw top polyethylene vials with foil lined
polypropylene. Vials were counted for approximately one minute. Spectrum window
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was set to wide. Counts for 33P varied from 0 – 100 CPM (background) and 2 X 103 - 5 X
106 CPM for samples.

Polyacrylamide gel electrophoresis (PAGE)
Denaturing PAGE was used to visualize the genomic RNA used as a template for
the hepatitis C viral NS5B RNA-dependent RNA polymerase as well as the products of
this enzymatic reaction. The gel apparatus used for this visualization was the Hoefer
SE600 Standard Vertical Electrophoresis Unit (Hoefer, Inc.), which has a dimensional
profile of 18 x 16 cm. A PS 3000 DC power supply (Hoefer, Inc.) was used to establish
the electric field for the gel rig. The gel plates were cleaned with DI water and detergent
and coated with a silanizing reagent. Before casting, both plates were cleaned with 200proof ethanol and placed together with a 0.75 mm (w) gray spacer on either side and
secured with brackets. The bracketed plates were secured on a Hoefer casting stand
before the gel solution was poured with a syringe. 20% PAGE stock solution with 7 M
urea was diluted to 5% in a total volume of 30 mL by adding a 7 M urea diluting
solution. After dilution, 80 μL of a 20% ammonium persulfate (APS) solution was
added, followed by mixing and addition of 40 μL TEMED to polymerize the solution.
The gel solution was immediately poured into the top spacing between the glass plates
with a 25-mL syringe fitted with a 22-gauge needle, careful to avoid any bubbles. A 0.4
mm 16-well comb was used to create 15 μL wells. All gels were allowed to polymerize
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for at least one hour prior to running. The wells were rinsed (10 – 15 times) with 1X TBE
running buffer before the loading of 5-10 μL of 2X formamide loading buffer
(Formamide 9.75 mL, 250 μL 10 X TBE, and a toothpick amount of Bromophenol blue
and Xylene cyanol). The gels were pre-run for 1 - 3 hours at 350 V. The wells were then
again thoroughly cleaned as above. Then, samples were loaded in 1X formamide
loading buffer using a flat-tipped gel loading pipette. The gels were run for 15 minutes
at 500 V, reduced to 400 V for 30 minutes, and finally 350 V for one hour in 1X TBE
running buffer. Gels that were stained using 0.5 mg/mL ethidium bromide were
immersed for 10 minutes in the ethidium bromide solution and then de-stained using
de-ionized water for 5 minutes and immediately imaged using the UVP imager. Gels
that contained radioactive samples were removed from the plate sandwich, wrapped
tightly in Saran wrap, and exposed to a low-energy storage phosphor screen 2-4 hours
inside a light-tight screen cassette (Molecular Dynamics) at RT.

2.2 Chemicals
Acetic Acid (AcOH, Aldrich)
Acetic anhydride (Ac2O, Aldrich)
Acetonitrile (CH3CN), HPLC grade, Fisher
Acetonitrile (CH3CN), anhydrous, Fisher
Acrylamide:bis-acrylamide 19:1, 40% solution, electrophoresis grade, EMD
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3'-O-acetyldeoxythymidine (3'-OAc dT), Chemgene
Adenosine 5'-triphosphate (ATP), Promega
Ammonium bicarbonate, Sigma
Ammonium hydroxide (NH4OH), 29.4%, Fisher
Ammonium persulfate (APS), electrophoresis purity reagent, Acros
5-Aza-5,6-dihydro-2'-deoxycytidine (KP-1212), Koronis Pharmaceuticals
Borane-dimethyl sulfide complex, 2.0 M in THF (BMS), Aldrich
Bromophenol blue (BB), electrophoresis purity reagent, Bio-Rad
2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one (Sal-P-Cl), Aldrich
Chloroform, Fisher
Coomassie Blue, Bio-Rad
Cytidine 5'-triphosphate (CTP), Promega
2'-3'-didehydro-2'-3'-dideoxythymidine (D4T), Berry & Associates
RNase-Free Water, Ambion
t-butyldiphenylchlorosilane (TBDPS-Cl), Sigma Aldrich
Dichloromethane (CH2Cl2), HPLC grade, Fisher
Diethyl ether, Fisher
3'-deoxy adenosine (3'-dA), Berry & Associates
3'-deoxy adenosine 5'-triphosphate (3'-dATP), Trilink
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N,N-Dimethlyformamide (DMF), anhydrous, 99.8%, Aldrich
Dithiothreitol (DTT), 98%, Aldrich
Ethanol, 200 proof (EtOH), EMD Chemicals
Ethyl Acetate, HPLC grade, Fisher
Ethidium bromide, 10 mg/ml (EtBr), Promega
Formamide, Ambion
Glycerol, Sigma
Guanosine 5'-triphosphate (GTP), Promega
Hexanes, Fisher
Methanol (MeOH), HPLC grade, J.T. Baker
5-Methoxysalicylic acid (MSA). Acros Organics
Magnesium chloride, 1M (MgCl2), Ambion
2',3'-O-diacetyladenosine (2',3'-OAc A), Aldrich
2',3'-O-diacetylguanosine (2',3'-OAc G), Aldrich
2',3'-O-diacetyluridine (2',3'-OAc U), Aldrich
2'-O-methyladenosine (2'-O-Me A), Chemgene
2'-O-methyladenosine 5'-triphosphate (2'-O-Me ATP), Trilink
Potassium chloride, 2M (KCl), Ambion
Pyridine, anhydrous (Pyr), Aldrich
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RNase-away, Molecular Bioproducts
RNasin, Promega
N,N,N’N’-Tetramethylethylenediamine (TEMED), molecular grade, Molecular
Bioproducts
Tributylamine, anhydrous (TBA), Aldrich
Triethylamine (TEA), Aldrich
Triethylammonium acetate (TEAA), HPLC grade, Glen Research
Tris-HCl, 1 M, pH 7.5, Ambion
Tris-borate-EDTA, 10X (10X TBE), electrophoresis grade, Sigma
QA-52 (anion exchanger), Whatman
Urea, RNase and DNase free, Promega
Uridine 5'-triphosphate (UTP), Promega
Xylene cyanol FF (XC), electrophoresis purity reagent, Bio-Rad

26

3. Steady State Kinetics and Inhibition of HCV NS5B RNADependent RNA Polymerase with ATPαB Analogues.
3.1 Introduction
Hepatitis C virus (HCV) is a positive strand RNA virus containing a genome of
approximately 9.6 kb (Takamizawa et al., 1991). In addition to structural proteins, and a
highly ordered 5' untranslated internal ribosome entry site (IRES), the HCV genome
encodes a 3000 amino acid polyprotein that is processed both by cellular and viral
proteases to yield 10 separate proteins (Penin et al., 2004). Of these ten, the
nonstructural protein 5B (NS5B) is an RNA-dependent RNA polymerase (RdRP) that is
responsible for viral HCV genome replication (Behrens, 1996; Lohmann et al., 1997).
During the last decade this enzyme has become an attractive target for nucleoside based
inhibitors that, upon entering cells, are metabolized by cellular kinases to nucleoside
triphosphates (NTPs) (Powdrill et al., 2010). Current literature has revealed a variety of
sugar-modified chain terminating nucleotides that target the HCV NS5B enzyme and
prevent viral replication with varying efficacy including: 2'-O-methyl, 2'-C-methyl, 4'azido, 3'-deoxy, and 2'-fluoro-2'-C-methyl NTPs (Carroll et al., 2009; Carroll et al., 2003;
Deval et al., 2007; Murakami et al., 2007; Olsen et al., 2004; Shim et al., 2003). The
efficacy of nucleoside-based NS5B inhibitors is not surprising due to: (a) the similarities
between the palm domains of human immunodeficiency virus reverse transcriptase
(HIV-RT), Moloney murine leukemia virus reverse transcriptase (MMLV-RT), and
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HCV NS5B, and (b) the resulting success of chain terminating nucleoside reverse
transcriptase inhibitors (NRTIs). A primary interest in our group is to understand the
effects of 5’-(α-P-borano)nucleoside triphosphates (NTPαBs) on the activity of viral
polymerase. Several NTPαBs, wherein a non-bridging oxygen is replaced by a borane
(BH3) group (Figure 10), have been shown to be efficient and selective substrates for
wild-type (wt) and, to a greater extent, HIV and MMLV drug-resistant viral reverse
transcriptases (Dobrikov et al., 2003b; Li et al., 2007; Shaw et al., 2003).
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Literature shows that the Rp stereoisomer of ddCTPαB was incorporated into
drug-resistant MMLV RT with 28-fold more efficiency than ddCTP, and the Rp-α-P-BH3
stereoisomer of AZTTP, D4TTP, and ddATP exhibited dramatic increases in potency in
comparison to nonboronated chain terminators versus drug-resistant mutant forms of
HIV-RT (Meyer et al., 2000; Selmi et al., 2001). Therefore, it would be reasonable to ask
how the α-P-BH3 modification will affect the incorporation of nucleotide-based chain
terminating inhibitors into an RNA strand by a third viral polymerase, specifically, HCV
NS5B RdRP. We also wanted elucidate, for the first time, the effects of an α-P-BH3
modification on the steady state incorporation of ATP into a genomic RNA template by
HCV NS5B.
Here we investigated, for the first time, the inhibition of HCV NS5B RdRP by
two new α-P-borano modified nucleotide analogs: 2'-O-methyladenosine 5'-(α-Pborano) triphosphate (2'-OMe ATPαB, 9a) and 3'-deoxyadenosine 5'-(α-P-borano)
triphosphate (3'-dATPαB, 9b) (Figure 11). Following the synthesis, purification, and
characterization of the Rp and Sp diastereomers of nucleotides 9a and 9b, the inhibitory
concentration 50% (IC50) and steady state inhibition constant (Ki) were determined and
compared to the nonboronated controls. We wanted to elucidate the effects of α-Pborane substitution on (i) a canonical chain terminator lacking a 3'-hydroxyl group (3'OH) such as 3'-dATP, and (ii) a non-canonical chain terminator that has a 3'-OH yet still
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prevents chain elongation through steric blocking such as 2'-OMe ATP. The
implications of this proof of concept study are that existing viral RdRP inhibitors could
be retro-fitted with the α-P-BH3 modification in order to possibly increase efficacy and
probe the general phosphoryl transfer mechanism present in most polymerases.
Additionally, the steady state parameters of α-P-boranophosphate modified ATP
(ATPαB, 51a) incorporation were determined in order to further characterize the effect
of this unique modification. We propose to test the hypothesis that the α-P-BH3
modification of 3'-deoxyribonucleosides will instill a greater inhibitory effect on HCV
NS5B RdRP in a manner similar to that observed with various anti-HIV ddNTPαB
analogues, in other words, the HCV polymerase discriminates against nucleosides that
omit the 3'-OH and the boranophosphate modification will help relax this
discrimination.

3.2 Synthesis of Anti-HCV Analogs: 2'-OMe ATPαB and 3'dATPαB
3.2.1 Background
3.2.1.1 Canonical and Non-canonical Chain terminators
HCV NS5B RdRP has become a popular drug target, in the last decade, for
antiviral therapy (De Francesco et al., 2003). The ability to arrest the mechanism by
which the virus relies to reproduce could benefit the millions of people suffering chronic
HCV infections. There are two main categories of HCV NS5B polymerase inhibitors:
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non-nucleoside analogue inhibitors (NNI), and nucleoside analogue inhibitors (NI).
NNI’s are typically allosteric inhibitors that include derivatives benzimidazole,
benzothiadiazine, and benzofuran (Powdrill et al., 2010). NNI’s are designed to target
different outlying regions of the thumb domain of the NS5B enzyme. Although NNIs
are effective inhibitors against HCV, they easily become ineffective because the target
regions of the HCV NS5B enzyme mutate rapidly, leading to drug resistance. By
contrast, NIs bind specifically to the highly conserved active site of HCV NS5B, where
mutations can slow or even halt the catalytic mechanism, altering viral fitness (Dutartre
et al., 2006). By mimicking one of the natural NTP substrates, a NI chain terminates
RNA synthesis by not allowing the polymerization step to proceed.
To summarize, chain terminating nucleosides fall into two categories: (1)
canonical or obligate chain terminators, and (2) non-canonical or non-obligate chain
terminators. Canonical chain terminators are physically unable to extend the RNA chain
because, once incorporated, they lack a 3'-OH group on the ribose that is needed for
inline attack of the α-phosphorus group of the incoming NTP. Non-canonical chain
terminators typically have a 3’-OH but are modified at the 2' and 4' ribosyl positions to
enact a conformational change in the nucleotide that disrupts chain elongation or
sterically blocks incorporation of the next NTP (Figure 12).
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Figure 12: Shown are the nucleoside and active triphosphate forms of
previously studied canonical chain terminators 2'-C-Me-2'-F- and 2'-C-Me cytidine
with the 3'-OH shown in red, and non-canonical chain terminator 3'-deoxy cytidine
lacking a 3'-OH (Carroll et al., 2003; Murakami et al., 2007).
Two relatively cheap and common commercially available nucleosides that
encompass both categories of chain terminators are 2'-O-methyl adenosine (1a) and 3'deoxy adenosine (1b) (Figure 13). The triphosphate forms of both 1a and 1b were
shown to be moderate inhibitors of HCV NS5B RdRP having inhibitory concentration
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50% (IC50) values in the range of 20-50 μM (Olsen et al., 2004; Shim et al., 2003).
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Figure 13: Starting nucleosides 1a and 1b along with target ATPαB analogues
5a and 5b.
We chose these nucleotides (9a, 9b) as a starting point in a proof of concept
structure-activity relationship (SAR) study of how α-P-boranophosphate modified NTPs
would affect the HCV NS5B-catalyzed RNA synthesis. The next step was to synthesize
the α-P-boranotriphosphate derivatives from the starting nucleosides 1a and 1b.
3.2.1.2 NTPαB and NTP Synthesis
Sugar, base, and phosphate-modified NTPs must be synthesized chemically, and
each modification itself requires a unique synthetic method. János Ludwig developed
one of the first convenient NTP synthetic methods using phosphoryl chloride (POCl3).
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An unprotected nucleoside is reacted with POCl3 and trimethylphosphate in anhydrous
DMF to give the 5'- phosphoryl chloride nucleoside. n-Tributylammonium (TBA)
pyrophosphate was then added along side tributylamine to give a trimetaphosphate
intermediate with a pentavalent (PV) α-phosphorus that was immediately hydrolyzed to
the triphosphate using triethylammonium bicarbonate (TEAB) (Scheme 1) (Ludwig,
1981).
Scheme 1: Synthesis of ATP using phosphoryl chloride and ntributylammonium pyrophosphate
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Since the α-phosphorus in this case is already oxidized, this method would not
be sufficient if one were to require an NTP containing a modified α-phosphorus.
Ludwig and Eckstein developed a method for synthesizing α-phosphorothioatemodified NTPs (NTPαS) and natural NTPs using the much milder and less toxic 2chloro-4H-1,3,2-benzodioxaphosphorin-4-one (Sal-P-Cl) following a similar procedure
with a trimetaphosphate intermediate with a trivalent α-phosphorus (PIII) (Ludwig and
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Eckstein, 1989) (Scheme 2). A separate oxidation step allows for the α-phosphorus to be
reacted with I2 or S8 to yield the NTP or NTPαS.
Scheme 2: Ludwig-Eckstein method of NTP and NTPαS synthesis
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Our research group proposed that the Ludwig-Eckstein synthetic method could
be used to introduce a BH3 group at the α-phosphorus after the formation of the
cyclotriphosphate (PIII) intermediate using borane-diisopropylethylamine complex
(BH3:DIPEA) (He et al., 1998) (Scheme 3). The presence of BH3 in these types of reactions
can ultimately reduce a small percentage of the acetyl or benzoyl groups used to protect
the exocyclic amine of the nucleoside. Because of the subsequent formation of the hardto-remove propyl or benzyl-amino derivatives, purification of the final product can be
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very difficult. This makes the Ludwig-Eckstein synthesis very attractive since no
exocyclic amine protection is needed.
Scheme 3: Modified Ludwig-Eckstein synthesis that introduces the borane
group after cyclotriphosphate (PIII) formation
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This adapted synthesis is a breakthrough in boranophosphate chemistry due to
the convenience of it being one pot with relatively good yields, and the fact that the
nucleobases do not require exocyclic amine protection. This method was used for
NTPαB analogue synthesis throughout all projects in this dissertation with a few
alterations to the original synthesis including: 1) the use of borane-dimethylsulfide
complex (BH3:SMe2) during the boronation step in place of boranediisopropylethylamine complex (BH3:DIPEA), and 2) use of a 3:2 mixture of
triethylamine (TEA) and water for the hydrolysis step instead of aqueous ammonia.
Both procedural modifications cut the reaction times significantly without a significant
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decrease in yield. These alterations are the result of suggestions by former Shaw lab
members: Dr. Ping Li, Dr. Hongyan Liu, and Dr. Sheob Kahn.

3.2.2 Results and Discussion
3.2.2.1 Synthesis of 3'-OAc, 2'-OMe Adenosine and 2'-OAc, 3'-Deoxyadenosine
Since the base and ribose protected nucleosides 3'-OAc, 2'-OMe adenosine (4a)
and 2'-OAc, 3'-deoxyadenosine (4b) intermediates could not be purchased commercially,
a protection method that left the 5'-OH free was needed (Figure 14).
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Figure 14: Retrosynthetic analysis of target boranophosphate nucleotides 9a
and 9b: 3'-OAc, 2'-OMe adenosine (4a) and 2'-OAc, 3'-deoxyadenosine (4b), along
with starting nucleosides (1a and 1b).
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t-Butyldiphenylchlorosilane (TBDPS-Cl) was used to block the 5'-OH due to its
affinity to primary alcohols (TBDPS is also very bulky) (Hanessian, 1975). Additionally,
silicon can be seen as having a very high affinity for oxygen due to pi-bonding between
the empty d-orbitals of silicon and the filled non-bonding p-orbitals on oxygen.
Therefore, the silylation step gave a high yield (80%) after purification on a silica
column, but the acetylation step yielded problems in that it produced three acetylation
products and a low yield (20%) of the desired 5'-TBDPS-3'-OAc-2'-OMe adenosine (3a)
(even when a 10-fold excess of acetic anhydride was used). 4-Dimethylaminopyridine
(DMAP) was used to accelerate acetylation, the rationale being that the reactivity of
acetic anhydride was simply not enough to overcome the steric bulk of the vicinal
methoxy group. This seemed to work well in producing a single 5’-O-TBDPS product
with 3'-OAc and N6-diacetamide protections, but created problems later during the deblocking step, where 5'-TBDPS is removed with tetrabutylammonium fluoride (TBAF).
The large sterically hindered cation enabled the intermolecular attack of a very reactive
5'-oxygen to one of the labile acetamides of another (this was verified by FAB-Mass and
H NMR) (Scheme 4). The hyperacetylated nucleoside 10a was the major product

1

produced in 93% yield and was produced from multiple rounds of acyl migration. Since
a 5'-OAc nucleoside is useless as a starting material for 5'-O-phosphorylation, an
alternative strategy to DMAP-catalyzed acetylation needed to be found.
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Scheme 4: Proposed mechanism of 5'-O-TBDPS 2'-OMe adenosine hyperacetylation
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The previous strategy of acetylation without DMAP was revisited using a 50-fold
excess of acetic anhydride instead of 10-fold excess to see if a larger excess could
overcome the steric problem (Scheme 5).
Scheme 5: Acetylation product ratios (TLC) with 10 and 50 equivalents of
acetic anhydride
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The rationale was to force a major product formation instead of an equal ratio of
three products, two of which could be used in the following NTPαB synthesis after
deprotection (b and c). The reaction produced the desired products as verified by 1H
NMR (66% yield). The fraction containing a mixture of b and c was deprotected with
TBAF, then purified by HPFC and used in the initial synthesis of 9a. Although this
increased the ratio of the desired product, there was still a mixture of mono- and
diacetylated products. Eventually the procedure was streamlined to produce higher
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yields with higher purity, and to include other nucleoside starting material such as 3'deoxy adenosine (1b) by using TEA:3HF. This commercially available reagent provides
a much milder fluoride source than the traditional TBAF deblocking reagent, producing
less byproducts, and increasing the overall yield, and can tolerate up to 5% water before
the reaction rate decreases (Westman, 1994). The only drawback is that TEA:3HF takes
24 hours to completely remove the TBDPS group, whereas TBAF only took 30 minutes.
The complete optimized nucleoside protection method is outlined in Scheme 6.
Commercially available nucleoside 1a and 1b were converted to the acetylated
derivative N4-acetyl, 3'-O-acetyl, 2'-O-methyladenosine (4a) and N4-acetyl, 2'-O-Acetyl,
3'-deoxyadenosine (4b) respectively via silylation of the 5'-OH with tbutyldiphenylchlorosilane (TBDPS-Cl) in the presence of imidazole in DMF to give 2a or
2b, followed by acetylation of the exocyclic amine and the remaining secondary sugar
hydroxyl with an excess of acetic anhydride in pyridine and CH2Cl2 to give 3a or 3b.
The 5'-O-TBDPS group was removed using TEA:3HF in THF overnight to give 4a or 4b
in 66% and 56% yield respectively.
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Scheme 6: Synthesis of acetyl protected nucleosides 4a and 4b.
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3.2.2.2 Synthesis of 2'-OMe ATPαB and 3'-dATPαB
The one pot phosphorochloridite synthesis of 2'-OMe ATPαB (9a) and 3'dATPαB, (9b) from the protected nucleosides 4a and 4b is described in Scheme 7.
Protected nucleoside 4a-b was phosphitylated with 2-chloro-4H-1,3,2benzodioxaphosphorin-4-one (Sal-P-Cl) giving the 5'-Sal-P-ribonucleoside 5a-b which
was identified by the appearance of two 31P NMR signals at δ128.1 and δ 126.1 from the
two diastereomers (PIII has trigonal pyramidal geometry with a stereo-chemical electron
pair) (Scheme 7). Tributylammonium pyrophosphate was added to form the nucleoside
cyclic triphosphate 6a-b, which was verified by 31P NMR. 2.0 M BH3 in dimethyl sulfide
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(H3B:SMe2 complex) was added to the reaction pot in which the electron pair on the
phosphite displaced the SMe2 and formed the boronated cyclic triphosphate (this is due
to borane having an empty 2p orbital that accepts an e- pair).
Scheme 7: One pot synthesis of ATPαB analogs 9a and 9b
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P NMR of the reaction mixture confirmed the formation of a P-B bond with a

broad peak at δ 84.2. Addition of TEA:H2O ring-opened the complex 7a-b forming two
diastereomers of the α-P-borano NTP 8a-b. Further deprotection of the nucleoside was
performed by adding 25% ammonium hydroxide solution and stirring at RT for 2 hours
(acetamide base protection required heating at 40 ºC overnight). The evaporated
mixture was purified on ion-exchange chromatography with QA-52 packing material
and ammonium bicarbonate mobile phase. The NTPαB was obtained as the last eluting
43

peak. After lyophilizing with water to remove excess salts, the diastereomeric mixture
of 9a or 9b was confirmed using 1H NMR and 31P NMR. Total yield of 9a (mixture of
stereoisomers) was determined to be 27% by UV-Vis (259 nm), and the total yield of 9b
was determined to be 30% by UV-Vis (259 nm). The use of TEA:H2O (3:2, v/v) instead of
aqueous NH4OH increased the rate of the ring opening step, and the use of the
H3B:S(Me)2 complex instead of borane-N,N-diisopropylethylamine complex (He et al.,
1998) decreased the boronation time from 6 hours to 30 min. Early attempts failed at
synthesizing either ATPαB analogues due to the premature hydrolysis of the Sal-P-Cl
reagent that was newly purchased from Sigma-Aldrich. This was confirmed through 31P
NMR and visually (typically the result of hydrolysis can be seen as white crystals
instead of larger clear crystals). Synthesis of NTPαBs in the less humid months
(October-February) typically produced a much higher yield. Purchasing a purer form of
Sal-P-Cl from Acros Organic instead of Sigma-Aldrich solved these issues eventually.
The diastereomers of ion-exchange-purified of both NTPαBs were separated using ion
pairing reverse phase high performance liquid chromatography using either 50 mM
triethylammonium acetate (TEAA) or 100 mM triethylammonium bicarbonate (TEAB)
buffer and methanol.
The HPLC profile shows isomers I and II of 9a with a retention time of # and #
min, respectively (Figure 15). Meyer, et.al. reported that the HIV-RT preferred the first
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eluting compound during the HPLC purification of both d4TTPαB and ddTTPαB
(Meyer et al., 2000). Therefore one can reasonably infer that isomers I and II are Rp and
Sp respectively. This was confirmed later in this chapter by kinetic studies with the HCV
NS5B enzyme (see section 3.3).
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Figure 15: Reverse phase HPLC profile of 9a using a Delta Pak C18 column by
a gradient elution of 15-20% B over a 35 minute run time (mobile phase A: MeOH,
mobile phase B: 100 mM TEAB) with a flow rate of 3.0 ml/min. Isomers I and II have
retentions time of 18.32 and 25.08 min, respectively. It was confirmed later in this
chapter that isomer I and II is of Rp and Sp configuration respectively.

3.2.3 Experimental Procedures
5'-O-TBDPS 2'-O-methyladenosine (2a). 1a, (3.74 mmol) along with imidazole
(8.23 mmol) was dried over P2O5 under vacuum and suspended in anhydrous DMF (20
mL) at -5 ºC. TBDPS-Cl (4.11 mmol) was added drop wise to the mixture over a period
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of 30 minutes while maintaining a temperature of -5 ºC under argon. The reaction was
allowed to warm to room temperature with medium stirring for 2 hours. After
removing DMF by vacuum distillation, the yellow viscous liquid was purified by silica
gel column chromatography (A: CH2Cl2/B: MeOH, 0-6% B) to give 2a (3.33 mmol, 89%)
as white foam. 1H NMR (400 MHz, CDCl3) for 2a δ 1.08 (s, 9H), δ 3.54 (s, 3H), δ 3.75-4.05
(dd, 2H), δ 4.10 (m, 1H), δ 4.28 (t, 1H), δ 4.55 (q, 1H), δ 6.17 (d, 1H) δ 7.30-7.70 (m, 10H), δ
8.11 (s, 1H) δ 8.30 (s, 1H); ESI-MS (infusion) [M + H]+ m/z calculated for C27H34N5O4Si
519.2, found 520.3.
5'-O-TBDPS-N4-acetyl-3'-O-acetyl 2'-O-methyladensosine (3a). A solution of
compound 2a (3.33 mmol) in anhydrous dichloromethane (15 mL) and pyridine (8.08
mL) was treated with acetic anhydride (99.9 mmol) and allowed to stir overnight at
room temperature. Solvents were removed by vacuum distillation and the resulting
yellow liquid was diluted with CH2Cl2 and washed with 10% NaHCO3 then brine. The
organic layer was dried over Na2SO4 and filtered. The filtrate was concentrated in
vacuo, and the residue was purified by silica gel column chromatography in two steps
(A: Hexane/B: EtOAc, 0-40% B, then A: CH2Cl2/B: MeOH, 0-8% B) to give 3a (2.62 mmol,
79%) as a white foam. 1H NMR (400 MHz, CDCl3) for 3a δ 1.08 (s, 9H), δ 2.13 (s, 3H), δ
2.33 (s, 3H), δ 3.36 (s, 3H), δ 3.80-4.02 (dd, 2H), δ 4.21 (m, 1H), δ 4.48 (t, 1H), δ 5.50 (t,
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1H), δ 6.15 (d, 1H) δ 7.34-7.65 (m, 10H), δ 8.16 (s, 1H) δ 8.61 (s, 1H); ESI-MS (infusion) [M
+ H]+ m/z calculated for C31H38N5O6Si 604.3, found 604.3.
N4-Acetyl-3'-O-acetyl-2'-O-methyladenosine (4a). A solution of 3a (2.62 mmol) in
anhydrous THF (20 mL) was treated with TEA:3HF (2.88 mmol) and stirred at room
temperature for 20 hours. THF was removed in vacuo, and the colorless liquid was
purified by silica gel column chromatography (A: CH2Cl2/B: MeOH, 3-10% B) to give 4a
(2.34 mmol, ) as a white solid with an overall yield of 66%. 1H NMR (400 MHz, CDCl3)
for 4a δ 2.19 (s, 3H), δ 2.62 (s, 3H), δ 3.26 (s, 3H), δ 3.80-3.98 (dd, 2H), δ 4.33 (m, 1H), δ
4.73 (d, 1H), δ 5.64 (m, 1H), δ 5.89 (d, 1H) δ 8.18 (s, 1H), δ 8.67 (s, 1H) δ 9.45 (br, 1H); ESIMS (infusion) [M − H]− m/z calculated for C15H19N5O6 365.1 , found 363.9.
N4-acetyl-2'-O-acetyl-3'-deoxyadenosine (4b). 4b was synthesized from 1b using
the exact method above with an overall yield of 56%. 1H NMR (400 MHz, CDCl3) for 4b
δ 2.05 (s, 3H), δ 2.13 (m, 1H), δ 2.53 (s, 3H), δ 2.80 (m, 1H), δ 3.63-4.10 (dd, 2H), δ 4.52 (m,
1H), δ 5.52 (m, 1H), δ 5.99 (d, 1H) δ 8.22 (s, 1H), δ 8.57 (s, 1H) δ 9.41 (br, 1H); ESI-MS
(infusion) [M − H]− m/z calculated for C14H17N5O5 335.1, found 333.9.
2'-O-methyladenosine 5'-(α-P-borano) triphosphate (2'-OMe ATPαB, 9a).
Compound 4a (0.5 mmol) was dried over P2O5 under vacuum, and suspended in
anhydrous DMF (1.0 mL) and pyridine (2.5 mmol). Under argon, 2-chloro-4H-1,2,3benzodioxaphosporin-4-one (0.55 mmol dissolved in anhydrous CH2Cl2) was added,
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and the reaction mixture was stirred for 10 min, while phosphitylation of the 5'-OH was
monitored via 31P NMR (doublet at 126 ppm). The mixture was treated with
tributylammonium pyrophosphate (1.5 mL of a 0.5 M solution in anhydrous DMF) along
with tributylamine (2.0 mmol) and stirred for 15 min. The formation of the previously
reported cyclic triphosphate intermediate was observed (He et al., 1998), using 31P NMR,
as a shift from a doublet at 126 ppm to a broad peak 105 ppm for the trivalent (PIII) αphosphorus along with the appearance of a doublet at -19 ppm representing the
remaining two pentavalent (PV) endocyclic phosphates. Excess dimethyl sulfide-Borane
complex (BH3:SMe2, 2 mL of a 2M solution in THF) boronating reagent was added, and
the reaction was allowed to stir for 30 min. Complete boronation was confirmed by the
disappearance of the PIII peak at 105 ppm along with the formation of a broad peak at 88
ppm representing the 5'-(α-P-borano) cyclotriphosphate moiety. The 5'-(α-P-borano)
cyclotriphosphate was converted to the 5'-(α-P-borano) triphosphate with the addition
of a 3:2 mixture of triethylamine and water (TEA:H2O, 5 mL) at rt for 2 hours. The
mixture was extracted with Et2O and the water layer evaporated. Aqueous NH4OH (25
mL) was added to the crude mixture and heated at 50 ºC overnight to remove both
acetyl protecting groups. After further evaporation, the mixture was purified on a
column packed with Whatman QA-52 anion exchanging resin using a linear gradient (5
to 400 mM ammonium bicarbonate). The fractions containing 9a were checked using
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ESI-MS (negative ion mode), and lyophilized with deionized water. The overall yield of
the ammonium salt of 9a was 30%. 1H NMR (400 MHz, D2O) for 5a δ 0.00-0.98 (br, 3H),
δ 3.47 (s, 3H), δ 4.26 (dd, 2H), δ 4.41 (br, 2H), δ 4.68 (d, 1H), δ 6.16 (br, 1H), δ 8.19 (s, 1H),
δ 8.34 (s, 1H); 31P NMR (121.4 MHz, D2O) δ -21.8 (m, 1P), δ -9.27 (m, 1P), δ 91.2 (br, 1P).
ESI-MS (infusion) M− m/z calculated for C11H20BN5O12P3 518.04, found 518. The
stereoisomers of 9a were separated on a Waters Delta 600 HPLC (including a 996
photodiode array detector) fitted with a Delta-Pak C18 cartridge (25 X 100 mm) using a
linear gradient (A: 50 mM TEAA, B: MeOH, 3% - 15% B).
3'-deoxyadenosine 5'-(α-P-borano) triphosphate (3'-dATPαB, 5b). 9b was
synthesized using the exact method above with an overall yield of 27%. 1H NMR (400
MHz, D2O) for 9b δ -0.60-0.60 (br, 3H), δ 0.70 (t, 1H), δ 2.10 (dd, 2H), δ 3.10 (m, 2H), δ
4.09 (dd, 2H), δ 5.88 (s, 1H), δ 8.08 (s, 1H), δ 8.33 (s, 1H); 31P NMR (121.4 MHz, D2O) δ 23.2 (m, 1P), δ -11.0 (m, 1P), δ 83.0 (br, 1P). ESI-MS (infusion) M− m/z calculated for
C10H18BN5O11P3 488.0, found 487.8. The stereoisomers of 9b were separated on a on a
Waters Delta 600 HPLC (including a 996 photodiode array detector) fitted with a DeltaPak C18 cartridge (25 X 100 mm) using isocratic conditions (50 mM TEAA:MeOH, 9:1).
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3.3 Characterization of HCV NS5B∆55 RdRP with Steady-State
Kinetics
3.3.1 Background
3.3.1.1 HCV NS5B RdRP
Hepatitis C Virus (HCV) contains a (+)-stranded RNA genome that is a member
of the flaviviridae RNA virus family (Takamizawa et al., 1991). Non-structural protein
5B (NS5B) was discovered to be an RNA-dependent RNA polymerase (RdRP) that is
responsible for the replication of the HCV RNA genome in liver cells and was
characterized originally by Behrens et al., (Behrens, 1996). HCV NS5B can replicate
using a (+)-strand RNA template that contains a 3' terminus which loops back and
hybridizes with a complementary sequence forming a hairpin structure that acts as a
primer strand (Figure 16) (De Francesco et al., 1996).

Figure 16: Proposed RNA copy-back (A) and de novo (B) mechanism of HCV
NS5B during RNA replication. (A) The 3' terminus creates a stem loop structure that
can act as a primer during RNA replication. (B) de novo primer-less extention. Figure
adapted from De Francesco et al. (De Francesco et al., 1996).
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This copy-back mechanism, which is highly processive1, can copy the entire HCV
genome in vitro and produces a covalently linked double stranded RNA molecule that is
very stable due to secondary structure formation. Full length NS5B can also undergo de
novo synthesis using homopolymeric templates such as poly(U) or poly(C) where no
stem loop can be formed (Lohmann et al., 1997). Since a copy-back mechanism would
require post replicative cleavage of the covalently bonded (+) and (-) strands in the
correct position, it is generally accepted that HCV adopts a de novo type mechanism in
cells (Bressanelli et al., 2002; Butcher et al., 2001). In a way similar to T7 RNA
polymerase, de novo RNA synthesis with HCV NS5B can be initiated with a single GDP,
GMP, or, surprisingly, a simple guanosine nucleoside that lacks any kind of phosphate
group (Shim et al., 2002). HCV NS5B exhibits two different modes of catalysis during de
novo RNA synthesis: 1) Initiation, which begins with the initial phosphodiester bond
formation with a large accumulation of abortive dinucleotide products with little to no
enzyme processivity, and 2) elongation, where processivity is high and the enzyme does
not dissociate from the template until the full length product is formed (Carroll et al.,
2000; Lohmann et al., 1997).

Processivity is the ability of a polymerase to continuously catalyze the incorporation of nucleotides before
it disassociates from the template.
1
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HCV NS5B shares several structural motifs common to other polymerases such
as the right hand configuration complete with thumb, finger, and palm domains. One
major difference between RdRPs of the Flavivirus family and other polymerase such as
HIV-1 RT and Klenow DNA polymerase is that the catalytic palm domain adopts more
of a closed handed conformation due to stronger finger and thumb domain interactions
(Ago et al., 1999). Another feature unique to Flaviviridae is a β-loop that helps to
position the 3' terminus of the ssRNA template and prevents the binding of dsRNA.
This motif also seems to play a unique role in de novo initiation. This hairpin sequence
covers the template entrance to the active site and prevents elongation until proper
alignment of a ssRNA template occurs. Deletion of this sequence confers the ability for
NS5B to bind to dsRNA in a similar manner to poliovirus (3Dpol) RdRP (Figure 17)
(Hong et al., 2001).
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Figure 17: Molecular surface structure comparison of (A) HCV NS5B and (B)
polivirus 3D (3Dpol) RdRPs with finger and thumb domains to the left and right
respectively, and the palm domain on the bottom. Catalytic domains are colored red
and the β-haripin structural motif is colored yellow. (The bottom graphic shows the
two anti-parallel polypeptides forming the β-hairpin (Hong et al., 2001)).
Since a ternary complex of HCV NS5B with RNA template and NTP has yet to be
crystallized, the precise physical mechanism of initiation, elongation, and, more
specifically, the catalysis step, must be adapted from existing crystal structures of similar
polymerases. The only RdRP ternary crystal structure that exists currently in the
literature is the bacteriophage φ6 polymerase (Figure 18) bound to a DNA template (T)
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with a priming GTP in the initiating position (P) and an incoming GTP positioned (P+1)
for catalysis (Butcher et al., 2001).

Figure 18: Stereo view of bacteriophage φ6 RdRP ternary crystal structure
showing a DNA template, GTP primer and incoming GTP (Butcher et al., 2001).
Crystal structure was taken from the NCBI structure database (PDB ID: 1HI0) and
rendered on Cn3D version 4.3 freeware.
Many research groups use this φ6 RdRP structure superimposed with a HCV
NS5B crystal structure when a ternary structure is needed for analysis due to similar
homology in the palm domains (Bressanelli et al., 2002; Migliaccio et al., 2003).
As seen in the ternary structures of φ6 RdRP, HIV-RT, and HCV RdRP
complexed with UTP and manganese, only one of the non-bridging oxygens on the αphosphate of the incoming NTP is in close proximity to surrounding residues or the
catalytic magnesium (Butcher et al., 2001; Huang et al., 1998; O'Farrell et al., 2003).
Figure 19 displays the active site crystal structures of HIV-RT, HCV NS5B RdRP, and φ6
54

RdRP showing the bound NTP having one of its non-bridging oxygens tightly bound to
one of the catalytic magnesiums, and the other projecting outward with little to no
significant interactions. Figure 19D shows a rotated view of the φ6 RdRP ternary
structure demonstrating that the 3'-OH of the priming GTP is positioned for inline attack
at the α-phosphorus of the incoming GTP.
In light of this structural evidence, we suggest that substituting a BH3 for the
non-bridging oxygen projecting outward from the catalytic Mg2+ would not prevent
binding of the NTP. This oxygen is termed “proposed-Rp” (pro-Rp) due to a resulting R
configuration from a BH3 substitution at the α-phosphorus. We also propose that an RpNTPαB would affect the transition state complex during the phosphoryl transfer step in
a similar manner demonstrated by results with other viral polymerases from our
research group and another (Dobrikov et al., 2003a; Dobrikov et al., 2003b; Meyer et al.,
2000; Selmi et al., 2001; Wennefors, 2008).
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Figure 19: Crystal structures of: A) HIV-RT in an elongation complex with
dsDNA primer/template with bound dTTP (PDB ID: 1RTD) (Huang et al., 1998), B)
HCV NS5BΔ21 with UTP and manganese (PDB ID: 1GX6) (O'Farrell et al., 2003), C)
bacteriophage φ6 RdRP complexed with a DNA template, GTP primer and incoming
GTP (PDB ID: 1HI0) (Butcher et al., 2001), D) same as (C) but rotated to show in-line
attack of 3'-OH of the priming GTP at the α-phosphorus. Arrows designate a BH3
substitution of a non-bridging oxygen that would produce an Rp configuration at the
phosphorus postion (labeled pro-Rp) (Selmi et al., 2001). All crystal structures were
taken from the NCBI structure database and rendered on Cn3D version 4.3 freeware.
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The catalytic step common in all polymerases is thought to proceed via a trigonal
bipyramidal transition state formed from the inline attack of the 3'-OH to the αphosphorus through an apical bond with the PPi leaving group in the opposite apical
position (Figure 20) (Steitz, 1993). The BH3 group of an Rp-NTPαB involved in this
transition state would likely occupy the equatorial plane of the trigonal bipyramid
(Thatcher and Campbell, 1993), not interact with Mg2+, and therefore not interfere with
the inline attack coordinate along the two apical bonds using the Steiz 1993 model.
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Figure 20: RNA or DNA polymerase active site showing the proposed trigonal
bipyramidal transition state complex during rate limiting step of DNA and RNA
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chain elongation. PPi is shown as the leaving group after inline attack from the 3'-OH
of the “priming strand”. Arrows designate the of boranophosphate substitutions sites
that would give the incoming NTP an Rp or Sp α-phosphorus configuration. Figure
adapted from (Brautigam and Steitz, 1998; Steitz, 1993).
3.3.1.2 Steady State Kinetics
Enzyme kinetics studies involved measuring the rate at which a substrate or
multiple substrates are converted to products. This is a valuable tool for elucidating a
basic biochemical mechanism to evaluate the efficacies of a newly discovered drug
compound. The overall rate or velocity (v) of an enzyme-catalyzed reaction is
dependent on the enzyme and substrate concentrations. The forward reaction depends
upon two processes: enzyme (E) binding substrate (S) to form the ES complex, and the
irreversible dissociation of E from S by conversion to product (P) (Eq. 3-1) (Segel, 1975).

E+S

k1
k2

ES

k3

E+P
(eq. 3-1)

The rate constants for E and S association (k1), and dissociation (k2) precedes the
rate constant of product formation (k3). If k1 >>> k2 then the breakdown of the ES
complex is the rate-limiting step (this is a simple case involving only one substrate
forming one type of product) (eq. 3-2).

v = k3[ES]

(eq. 3-2)

The steady state assumption states that the ES complex concentration stays
constant over time (Segel, 1975).
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d[ES]
= k2[ES] - k1[E][S] + k3[ES] = 0
dT

(eq. 3-3)

and,

k1[E][S]= (k2 + k3)[ES]

(eq. 3-4)

The rate constants can be combined to give the Michaelis-Menten constant (Km)
in the following manner (eq. 3-5):

Km =

k2 + k3
[E][S]
=
k1
[ES]

(eq. 3-5)

Finally, dividing both sides of the original rate equation (eq. 3-2) by the total
enzyme concentration ([E]t = [E + ES]) and substituting [E][S]/Km for [ES] gives the
hyperbolic rate equation (Segel, 1975):

v=

k3[E]t [S]
Km + [S]

(eq. 3-6)

Rate constant k3 can also represent the overall catalytic rate constant (kcat) in a
multistep reaction such as a polymerase incorporating four different NTPs (Fisher and
Korn, 1981). At high concentrations of S the rate is dependent only on the total enzyme
concentration; therefore if [S] >>> Km, then v = kcat[E]t = Vmax, where Vmax is the maximal
velocity. Inserting this expression into equation 3-6 gives the familiar Michaelis-Menten
equation (Segel, 1975):
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v=

Vmax [S]
Km + [S]

(eq. 3-7)

Furthermore, Km can be defined abstractly as the apparent dissociation constant
of the ES complex when k1 >>> k3 (or kcat). This will become important later when
discussing the substrate properties of different NTP analogs. Practically speaking, Km is
defined as the concentration of substrate needed to reach one half maximal velocity
(Vmax/2). The steady-state assumption only holds if the ES complex does not change
during the reaction time course; therefore only the initial velocity of the reaction should
be considered when using steady-state kinetics. Time course experiments must be
performed initially to determine the region that corresponds to a constant rate.
Reactions times should therefore be chosen from the linear region of a reaction time
course (Segel, 1975).
In a multi-substrate system like the one utilized in HCV NS5B RdRP, the ratelimiting step is not always apparent, although, when long RNA transcripts are utilized
in vitro, the HCV NS5B RdRP will not dissociate from the RNA template until the full
length product is fully formed (Lohmann et al., 1998). It can therefore be construed that
the rate limiting step during RNA strand elongation is the EP complex dissociating to E
and P. Since it would be too complex to interpret kcat mechanistically in experiments
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using a long RNA template, we only use the ratio Vmax/Km to give the relative catalytic
efficacy between two substrates.
The enzyme used in this study is a mutant form of HCV NS5B that has a 55
amino acid truncated C-terminus (NS5BΔ55) to improve processivity and solubility.
The RNA template labeled as “t500” is a 500 nt long (+)-strand RNA transcript that
corresponds to the NS2/3 region of the HCV genome (Carroll et al., 2000). By
monitoring the incorporation of an α-33P-labeled NTP (GTP or UTP in our experiments),
the elongation rate of full length RNA product formation can be measured. Figure 21
displays the overall sequential equilibria for HCV NS5B-catylzed RNA directed RNA
synthesis adapted from that of the DNA polymerase α model and from the previously
mentioned model for RdRPs (Butcher et al., 2001; Fisher and Korn, 1981; Hong et al.,
2001; O'Farrell et al., 2003).

T
E

k2

T

NTP

NTP
k1

E·T

k3
k4

NTP

E·T/P

k5
k6

PPi
E·T/P+1- PPi

E·T/P·NTP

NTP

k7
k8

PPi

E·T/P+1

kcat

nNTP

E + P+n
nPPi

Elongation
Initiation

Figure 21: Simple kinetic model of NTP incorporation into HCV NS5B RdRP
showing both initiation and elongation. The symbol P is the initial priming NTP, T is
the RNA template, P+n is the product of n rounds of incorporations, and the trigonal
bipyramidal transition state, previously mentioned, is denoted with a ‡ symbol. The
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catalytic constant kcat represents the sum of all rates constants during elongation and
product realease (Butcher et al., 2001; Fisher and Korn, 1981; Hong et al., 2001;
O'Farrell et al., 2003; Steitz, 1993).

3.3.2 Results and Discussion
Exploratory and Qualitative Characterization of Enzyme Processivity
To understand how ATPαB (51a) might affect NS5B-catalyzed RNA chain
elongation, an in vitro RNA filter binding assay was utilized where a 500 nucleotide
heteropolymeric RNA template (t500), having a sequence taken from the HCV genome,
produces a hairpin product via a copy-back mechanism. This RNA-directed RNA
synthesis was quantified by measuring the total incorporation of [α-33P]UTP or [α33

P]GTP by spotting aliquots of reaction mixture onto cationic DE-81 filter disks, which

after washing with ammonium formate buffer retain only the radiolabeled elongated
RNA products (Behrens, 1996; Bryant et al., 1983; Carroll et al., 2000). The NS5BΔ55 and
t500 RNA template was a generous gift by Merck & Co., Inc. The NS5BΔ55-catalyzed
product formation followed a typical biphasic time course including a burst phase
followed by a slower linear phase (Figure 22). Assay conditions were determined for
both the dose-dependent experiments and Michaelis-Menten kinetics experiments.
During the initial testing of inhibitors, concentrations of the natural substrates
were set at or below their respective Km values to increase the signal. In our HCV NS5B
dose-dependent inhibition experiments, which measured the inhibitory concentration
that reduces the enzyme activity to 50% (IC50), the NTP concentrations would be set to a
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concentration at or near the Km of all four NTPs (1 μM). This concentration gives a good
balance between % substrate conversion and the strength of signal (Wu et al., 2003).
Graphpad Prism 5.04 software was particularly useful for nonlinear analysis of the
multiple nucleotide incorporation kinetics.
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0.2
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Figure 22: A representative biphasic time dependent reaction progress curve
showing a steady-state region beginning at approximately 20 minutes. NS5BΔ55catalysed reaction carried out using 100 nM t500 RNA template with 10 μM UTP, 100
μM ATP, GTP and CTP as described in the Experimental Procedures section 3.3.3.
Many such time courses were performed and generated an optimal linear region
between 20 and 90 minutes as shown here. This correlates to the findings of Merck &
Co., Inc. and others (Carroll et al., 2000).
At lowered substrate concentrations the radioactively labeled NTP competes
with less of the unlabeled NTP thus increasing the signal. Thus, during steady-state
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inhibition kinetic experiments, the concentrations of the three non-varied NTPs were set
to at least 6-fold higher than the Km of each NTP (0.6 – 2.0 μM), which theoretically
would equal approximately 95% of maximal velocity according to the Michaelis-Menten
equation (Segel, 1975).
In our studies, time courses were run under both dose-dependent (1 μM NTPs)
and saturating conditions (> 6-fold Km) to observe any effect on the burst phase and
linear region. The time course with near saturating conditions produced a biphasic
curve similar to Figure 22, having a burst phase of rapid incorporation followed by a
slower linear phase (Figure 23). When NTP concentrations were held at or below their
respective Km value, a lag phase was seen during the same time frame as the burst phase
in the previous example. This slower lag phase is typical for this particular enzyme and
template combination (Carroll et al., 2000; Lohmann et al., 1998).
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Figure 23: Time courses run at NTP concentrations of 20 μM and 1 μM
showing a burst and lag phase respectively. Reactions were carried out in RdRP
buffer containing 25 nM NS5BΔ55 and 90 nM t500 RNA Template. Reaction
conditions are described in Experimental Procedures section 4.3.4.
Reaction times for kinetic experiments covered in the sections 4.3 and 4.5 were
chosen from the linear regions of the time course.
To determine what percent of the NS5BΔ55 is catalytically competent a series of
parallel time course experiments were run at different enzyme concentrations. The
reaction rate for each time course was determined from the slope of the linear region of
each curve beginning at the 30 minute mark. The rate is shown to vary linearly with
enzyme concentration up to 100 nM. The burst amplitude corresponding to the
extrapolated y-intercept of each graph also varied linearly with enzyme concentration
up to 100 nM (Figure 24).
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Figure 24: Determination of enzyme catalytic competency. A) Reaction time
courses at varying NS5BΔ55 concentrations. B) Burst amplitude as a function of
NS5BΔ55 concentration. C) Linear dependence of reaction rate on the concentration
of NS5BΔ55. Rates were determined from the slopes of the linear regions of the time
courses.
The burst amplitude theoretically provides the amount of product formed during
a single round of RNA synthesis before the steady state phase due to the overall rate
limiting step being the dissociation of the template from the full length product (Carroll
et al., 2000). The incoming radiolabeled UTP can base-pair with each of the 86
adenosines contained in the t500 RNA template. Based on the linear equation derived
from the burst amplitude versus enzyme concentration data, only 5.0% of the NS5BΔ55
is catalytically competent. To visualize the RNA products formed during a typical
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enzymatic reaction, a reaction mixture containing: 100 nM NS5BΔ55, 100 nM t500 RNA
template, with 500 μM ATP, CTP, and UTP and 10 μM GTP and 5 μCi of [α-32P]GTP, in
RdRP buffer (see Experimental Procedures section 3.3.4) was analyzed on a 5%
polyacrylamide gel for 45 minutes then quenched with 0.5M EDTA. An aliquot was
then diluted with a formamide running buffer and loaded onto a 5% polyacrylamide gel
and visualized with ethidium bromide then imaged on a phosphoroimager (Figure 23).
The size was compared with RNA standards of known lengths. Gels were run in
collaboration with Dr. Mariam L. Sharaf.
The PAGE gel of the reaction mixture confirms that the copy-back product,
running at approximately the same as a ~200 nt RNA strand, is the major product
formed from the 500 nt template. The purpose of this qualitative gel was to show that
an RNA product is indeed generated in a representative reaction mixture. Lane 4 of
Figure 24 shows the products formed during dose-dependent conditions containing only
1 μM NTPs that migrate at approximately the same rate as the t500 RNA template. This
is consistent with previous observations of reactions run under the same conditions
containing the same enzyme and template (Carroll et al., 2000; De Francesco et al., 1996).
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Figure 25: Denaturing PAGE of HCV NS5BΔ55-mediated RNA-dependent
RNA polymerization using t500 RNA template. Reaction was carried out in a reaction
volume of 25 μL using 100 nM NS5BΔ55 and 100 nM t500 in RdRP buffer with 500
μM of ATP, CTP, and UTP, 5 μCi of [α-32P]GTP and 10 μM GTP (lane 3, R1); or 1 μM
NTPs with 5 μCi of [α-32P]GTP (lane 4, R2). Each reaction proceeded for 45 minutes at
room temperature. After quenching with 0.5 M EDTA aliquots were mixed with 2X
formamide loading buffer and electrophoresed on a 5% polyacrylamide-8 M urea gel.
Bands were visulized by staining with ethidium bromide to note RNA length markers
and t500 locations, and radioactivity was imaged using a Typhoon 9410
phosphoroimager. Lanes 1 and 2 are ethidium bromide stained images of RNA size
markers (M) and t500 RNA template (T) respectively, and lanes 3 – 7 are
phosphorimaged. Lane 5 is a prequenched reaction control (PQ), and lanes 6 and 7 are
controls without enzyme (-E) and template (-T) respectively. The drawn images in the
middle depict the RNA template (upper) and the RNA copyback product migrating
with an approximate mass-to-charge ratio of a 200 nt RNA oligonucleotide (lower).
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Steady-State Kinetics of Multiple Nucleotide Incorporation
The steady-state constants for each of the four natural NTPs and Rp-ATPαB
(Figure 26), as substrates of HCV NS5B∆55 RdRP, were determined by successively
varying the concentration of one NTP while measuring the total incorporation of
radiolabeled UMP (or GTP) at a reaction time that corresponds to the linear region of the
time course (as seen in Figure 22). The other three NTPs were held at concentrations
above their respective Km values, which were determined through multiple reiterations.
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Figure 26: Steady-state velocity curves of multiple nucleotide incorporations.
Steady-state parameters were derived by non-linear fitting of data to the HenriMichaelis-Menten equation. Rates were determined by measureing the dependence
of incorporation of A) ATP (n = 7), B) GTP (n = 3), C) CTP (n = 2), and D) UTP (n = 2).
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[α-33P]-labeled UTP was used to measure the velocities of ATP and GTP, and [α-33P]labeled GTP was used to measure the velocities of CTP and UTP.
As seen in Table 1, catalytic efficiency (Vmax/Km) of each NTP substrate implies
that enzyme selectivity follows the trend: CTP > UTP > GTP > Rp-ATPαB (51a) > ATP,
where CTP is the best and ATP is the worst substrate respectively.
Baselines (i.e. minus ATP) were determined by excluding ATP but including the
other three NTPs. Reaction mixtures that excluded ATP ([α-33P]UTP as radiolabel) or
UTP ([α-33P]GTP as radiolabel) exhibited baselines up to 20% of maximal velocity. To
investigate the source of this background, PAGE analysis indicated a variety of RNA
products that migrated similar to that shown in lane 4 of Figure 25. Although the
products appeared much fainter than those formed in the presence of all four natural
NTPs, these observations suggest that RNA products might be formed in the presence of
only three natural NTPs. Notably, the addition of the chain terminating nucleotide
inhibitor Rp-3'-dATPαB (9b) reduced the formation of these RNA products (data not
shown). The RNA products formed during these non-native conditions are most likely
mis-incorporated nucleotides, due to the viral polymerase having low incorporation
fidelity, with a small amount of terminal-nucleotide-transferase (TNTase) activity that is
associated with all RdRPs (Domingo and Holland, 1997; Ranjith-Kumar et al., 2001).
Without a baseline subtraction the ATP and UTP velocity curves (see Figure 26A and D)
achieved non-linear fits that were well out of tolerance.
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Table 1: Steady-state parameters determined for ATPαB (51a) stereoisomers compared to NTP controls.
Nucleotide

Km (μM)

Vmax (pmol NMP•pmol E-1•min-1)

Vmax/Km

Sa

1.17 ± 0.23

0.111 ± 0.037

0.095

1.7

ND

ND

-

-

ATP (n = 10)

2.03 ± 0.40

0.116 ± 0.018

0.057

1.0

GTP (n = 3)

0.869 ± 0.116

0.130 ± 0.013

0.150

-

CTP (n = 2)

0.804 ± 0.0001

0.363 ± 0.023

0.451

-

UTP (n = 2)

0.624 ± 0.011

0.203 ± 0.008

0.326

-

Rp-ATPαB, 51a (n = 4)
Sp-ATPαB
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Selectivity value is the ratio of catalytic efficiencies (Vmax/Km) of modified NTP analogues to the natural NTP.
Values greater than 1 indicates that the enzyme prefers the analogue over the natural substrate.
(ND = none detected)
a

When ATP was replaced by Sp-ATPαB the reactions only produced a near
background signal, implied that the enzyme overwhelmingly prefers the Rp stereoisomer
over the Sp isomer (data in Table 1). Further, Rp-ATPαB (51a) was a more efficient
substrate than ATP with the Km being approximately half that of ATP, and may indicate
that 51a is a stronger binding and/or kinetically preferred substrate. However since this
assay measures multiple incorporations, it would be difficult to directly compare these
kinetic constants to a single nucleotide incorporation event that one sees with chain
terminating inhibitors such as 9a and 9b, i.e. inhibitor 9a or 9b would stop RNA
elongation whereas 51a would be incorporated multiple times and, in turn, increase the
elongation rate.
These data in Table 1 add further experimental proof that HCV NS5B RdRP
proceeds through a catalytic mechanism similar to other polymerases studied in the
literature. To our knowledge all natural DNA and RNA polymerases accept only the Rp
isomer of NTPαB. Because Rp-ATPαB is shown to be not only a substrate for HCV NS5B
RdRP but a better substrate than ATP, it can be deduced that the enzyme proceeds
through a similar stereospecific catalytic mechanism as other polymerases.
Boranophosphate substitution appears to increase the apparent binding affinity (Km) of
the parent NTP to the catalytic domain of HCV NS5B RdRP. This is at least partially
explained by Deval et al. who showed, using pre-steady-state kinetics, that another viral
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polymerase, HIV-RT, required less magnesium to reach maximum velocity when an αP-BH3 was present on the NTP (Deval et al., 2005).
Since our experiments represent multiple catalytic steps it would be difficult to
draw any conclusions based on ATP and ATPαB having similar Vmax values (see Table
1). The Rp-α-P-BH3 substitution on ATP could possibly increase the catalytic rate
constant (kcat) for the individual incorporation steps and, after multiple incorporations,
simultaneously cause the enzyme to occasionally pause during strand elongation thus
decreasing Vmax. A similar idea was postulated by others in our research group after
transcribing BP-RNA with T7 RNA polymerase. RNA transcription using NTPαBs as
substrates tends to produce less overall product in a given amount of time compared to
RNA transcribed with normal NTPs (Sharaf, 2011; Wan, 2005). In fact, the kinetic
parameters obtained for T7 RNA polymerase using ATPαB, CTPαB, and UTPαB as
substrates show a similar trend of decreased kcat (or Vmax) and Km compared to normal
NTPs (Wan, 2005). Additionally, the initiation phase of NS5B-cataylzed RNA synthesis
depends on a very specific set of conditions; thus the overall activity of NS5B could be
affected by a conformational shift brought about by an α-P-BH3 substitution during this
sensitive early phase of RNA synthesis.
Another idea to consider is that a BH3 group substituted for a non-bridging
oxygen should theoretically place more electron density on the α-phosphorus thereby
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changing the transition state and making pyrophosphate (PPi) a better leaving group
during phosphoryl transfer. Also, the geometric changes introduced by substituting a
bulkier molecular BH3 for atomic oxygen should favor a more product-like transition
state. Specifically, the PPi would have a more difficult time rebinding to the αphosphorus in a reverse reaction due to steric constraints and possibly from the BH3
group distorting the trigonal bipyramidal transition state complex. In other words, the
electronic and the steric hindrance argument are in agreement that a BH3 substitution
should prevent pyrophosphorolysis. It is well established that the Rp-α-P-BH3
modification reduces pyrophosphorolytic repair of dideoxynucleoside triphosphates
(ddNTPs) in drug resistant HIV RTs when compared to the natural phosphate ddNTPs
(Deval et al., 2005; Selmi et al., 2001). This pyrophosphorolytic repair mechanism has
also been studied in HCV NS5B with both canonical and non-canonical chain
terminators (Deval et al., 2007). So it is reasonable to propose that that the α-P-BH3
modification could enhance the inhibitory effects of anti-HCV chain terminating
nucleosides through similar processes.

3.3.3 Experimental Procedures
Steady-state kinetics using t500 RNA Template
Dose-dependent and kinetics experiments were run in parallel with natural
phosphate control reactions. Unless noted elsewhere, NS5BΔ55-catalysed reactions
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contained 25 nM (IC50) or 75 nM (Ki) NS5BΔ55 in a 20 μL reaction consisting of 90 nM
t500 RNA template, 20 mM Tris, pH 7.5, 80 mM KCl, 4 mM MgCl, 5 mM DTT, 0.4
unit/μL RNasin (Promega), 0.2% polyethylene glycol 8000, 50 μM EDTA, 100μM ATP,
GTP, CTP, ~1-2 μCi of [α-33P]UTP and 10 μM UTP, or 1 μCi [α-33P]GTP and 10 μM GTP,
for time courses. Concentrations of all nucleic acids and HCV NS5B∆55 RdRP were
quantified using a Nano-drop UV spectrometer. Steady-state parameters were
determined by varying the nucleotide of interest with the other three NTPs held > 10fold above their respective Km values (μM), while measuring the total incorporation of
radiolabeled (α-33P) GTP or UTP. The NS5B∆55 stock solution obtained from Merck &
Co., Inc. was determined to be 28 μM using a Nano-drop UV spectrometer. The t500
RNA template was preincubated for 30 minutes in the enzyme reaction stock then
added to the NTP mixture pre-aliquoted in a 96-well plate to initiate the polymerization
reaction. At the desired time point, the reactions were quenched with 0.5M EDTA and
aliquots were spotted onto Whatman DE-81 25mm filter disks (that had been preidentified with pencil). After drying, the filters were co-mingled and washed in 200 mL
0.3M ammonium formate buffer five times for 10 minutes. Spotted unwashed (UW)
filters were used to determine specific activity. Filters were counted in 4.5 mL SafetySolv (RPI Corp.) scintillation fluid in a Beckman LS 6000 Scintillation Counter. Reaction
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times were chosen from the linear region of the time course experiments initially
performed. The synthesis and purification of ATPαB (51a) is detailed in Chapter 6.
Data Analysis
All data was analyzed using Graphpad Prism 5 software. The apparent
Michaelis-Menten constant (Km) and maximum velocity (Vmax) values for natural NTPs
and Rp-ATPαB were calculated by fitting data to the Henri-Michaelis-Menten hyperbolic
equation, Y = Vmax*X/(Km + X) where Y is the initial velocity of RNA synthesis, and X is
the NTP concentration in μM.

3.4 Inhibition of HCV NS5B∆55 RdRP with 3'-dATPαB and 2'-OMe
ATPαB
3.4.1 Background
3.4.1.1 Reversible Enzyme Inhibition
As shown in the last section, by monitoring reaction velocity as a function of
substrate concentration, we could derive an abundance of information about how a
substrate’s chemical structure can affect its apparent binding (Km) to the enzyme active
site, and the catalytic turnover (kcat) or maximal velocity (Vmax) of the substrate during
catalysis. Another tool for elucidating structure-activity-relationships (SAR) is to
observe these kinetic parameters in the presence of an inhibitor.
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When a inhibitor is introduced that competes directly with the natural substrate
for the enzyme’s active site:
Km

E+S
+
I

ES

kcat

E+P

Ki

EI

(eq. 3-8)

where I is an competitive inhibitor, EI is the enzyme-inhibitor complex, Km is the
Michaelis-Menten constant, kcat is the overall catalytic rate constant, and Ki is the
inhibition constant, the enzyme can proceed to react with either S, as in eq. 3-1, or with I,
as shown in eq. 3-8.
An equation that relates the velocity (v) to the constants listed in the chemical
equilibria of equation 4-8 takes on a similar form to the Michaelis-Menten equation
(Segel, 1975):

v=

Vmax [S]
α Km + [S]

(eq. 3-9)

In this case the Michaelis-Menten constant (Km) is changed by a factor (α):

α=1+

[I]
Κi

(eq. 3-10)
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This αKm term is sometimes called the “apparent” Km and increases with the
concentration of inhibitor. Therefore, only the Km is increased when a competitive
inhibitor is introduced to the reaction mixture and Vmax remains unchanged (Segel,
1975).
Non-competitive inhibition would be a case where the inhibitor binds in a way
that distorts the conformation of the enzyme and prevents the substrate from binding to
the active site. The inhibitor would have the same affinity for the E or the ES complex
producing either EI or an ESI complex (Segel, 1975). Practically speaking, the major
difference between a competitive and a non-competitive inhibitor shows up as decrease
in Vmax with increasing inhibitor concentration, yielding an “apparent Vmax” or Vmax/α
with no change in the Km. Non-competitive inhibitors typically bind allosterically to the
outer portions of the enzyme. There are also “mixed-type” inhibitors that combine
aspects of both competitive and non-competitive inhibitors but will not be discussed in
detail here.
Another way to determine the potency of an inhibitor is to run a dose-dependent
experiment where just the inhibitor concentration is varied with a constant substrate
concentration. The data generated typically is plotted as the ratio of reaction velocity
with inhibitor to the velocity without inhibitor (vi/vo) versus Log10 of [I]. The ratio vi/vo
can also be expressed as a percentage of the polymerase activity (% Pol Activity). This
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plot can then be fitted to the double-asymptotic Hill equation (2008; Cheng and Prusoff,
1973):

Y = %Min +

(%Max - %Min)
1 + (X/IC50)n

(eq. 3-11)

Where Y is the % polymerase active, IC50 is the inhibitor concentration which
reduces the polymerase active by 50%, X is the inhibitor concentrations, n is the Hill
slope and %Min and %Max are the bottom and top asymptotes respectively with the
same units as Y. The IC50, though not an affinity constant, can be useful when
comparing the potency of two or more inhibitors. Cheng and Prusoff found that the
inhibition constant Ki and IC50 of a competitive inhibitor can be related with the
following expression (Cheng and Prusoff, 1973):

Ki =

IC50
1 + ([S]/Km)

(eq. 3-12)

Where Ki is the inhibition constant, [S] is the natural substrate concentration, and
the Km is the Michaelis-Menten constant for the natural substrate. This expression can
be extremely valuable in that after only a few dose-dependent IC50 experiments, the Ki
can be approximated, which helps in determining the initial parameters for the steadystate inhibition experiments.
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3.4.2 Results and Discussion
HCV NS5B mediated RNA synthesis in the presence of Rp-2'-OMe ATPαB, 9a
and Rp-3'-dATPαB 9b was measured using the same DE-81 filter-binding assay utilized
in the previous section. Single concentration inhibition experiments were performed
initially to determine if one or both stereoisomers of 9a and 9b could in fact inhibit RNA
synthesis. This experiment was run parallel to the normal phosphate controls set to the
literature inhibitory concentrations that yield 50% activity (IC50) values of 50 and 22 μM
for 2'-OMe ATP and 3'-dATP respectively (Olsen et al., 2004). Only the Rp stereoisomer
of 9a and 9b showed any inhibitory activity when compared with the normal phosphate
controls (data not shown). Furthermore, a much lower concentration of the Rp isomer of
both 9a and 9b was required to inhibit HCV NS5B as compared to the experimental
controls. The next step was to evaluate the potency of 9a and 9b versus their natural
phosphate forms in a dose-dependent experiment. All four NTPs were held at a
concentration of 1 μM with a reaction time of 45 minutes. The HCV NS5BΔ55-catalyzed
RNA product formation was determined by measuring the total incorporation of a
radiolabeled nucleotides ([α-33P]GTP) in the presence of increasing inhibitor
concentration. The data was fitted to a four-parameter Hill equation, and the Rp isomer
of both 9a and 9b reduced the rate of NS5B-catalyzed RNA synthesis. The Hill plots of
percent polymerase activity (% Pol Activity) versus inhibitor concentration are shown in

80

Figure 27.
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Figure 27: Dose-dependent Hill plots showing inhibition of NS5BΔ55 in the
presence of 1 μM NTPs. (A) Rp-2'-O-Me ATPαB, 9a, and normal phosphate control, (B)
Rp -3'-dATPαB, 9b, and normal phosphate control. “% Pol Activity” is the ratio of
reaction velocity with inhibitor to the velocity without inhibitor (vi/vo x 100).
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All curves generated Hill slopes close to -1 indicating no cooperativity. The
stereospecificity of NS5B was further confirmed since the Sp isomer of 9a and 9b did not
reduce polymerase activity by any appreciable amount. When compared to the natural
phosphate controls, 9a and 9b exhibited potency shifts of 3.4 and 16-fold respectively,
confirming that the Rp-α-P-BH3 modification enhances the inhibitory properties of both
types of chain terminators (Table 1).
Table 2: Inhibitory concentration 50% (IC50) of NTPαBs and NTP controls.
Inhibitor

IC50 (μM)

Potency Shifta

Rp-2'-O-Me ATPαB, 9a

18.0 ± 3.6

3.4

2'-O-Me ATP

60.7 ± 8.5

-

Rp -3'-dATPαB, 9b

1.31 ± 0.02

16

3'-dATPαB

20.4 ± 0.8

-

Potency shift is the ratio of the IC50 of the normal phosphate control divided by the IC50
of the NTPαB inhibitor.
a

Since the boranophosphate modification changes both the structural and
electronic properties of a nucleoside triphosphate, it is feasible that an NTPαB could
bind to the enzyme or enzyme-template complex at a location other than the active site.
This allosteric-type binding could lead to a mixed mode of inhibition, combining aspects
of competitive and uncompetitive inhibition. Furthermore, one could reasonably
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deduce that 9a and 9b exhibit a competitive mode of inhibition, since ATPαB (51a)
successfully replaced ATP during NS5B-catalyzed RNA synthesis. To determine if the
α-P-BH3 modification changes the mode of inhibition of 2'-O-Me ATP and 3'-dATP,
reactions were carried out with varying ATP concentrations and inhibitor
concentrations, while the other three NTP substrates were held above their respective Km
values. The initial velocities of reactions with and without inhibitor were plotted versus
ATP concentration and fit to the hyperbolic Henri-Michaelis-Menten rate equation.
Reactions in the absence of ATP but including the other three NTPs were also run at the
same inhibitor concentrations to establish a true baseline. The inhibition constant (Ki)
was determine by nonlinear fitting of data from parallel experiments run at differing
inhibitor concentrations as described in the Experimental details section 3.4.3 (Figure
28).
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Figure 28: Velocity curves fit to a competitive mechanism for (A) Rp-2'-O-Me
ATPαB, 9a and (B) Rp-3'-dATPαB, 9b
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Reactions were run parallel with natural phosphate controls (see Appendix I and
II), and the Ki for each compound was determined from the mean of at least three
independents experiments. Lineweaver-Burk double-reciprocal plots qualitatively
confirm a competitive mode of inhibition by showing convergent maximum velocities
(y-intercepts) at different inhibitor concentrations. The Ki values determined for both 9a
and 9b show a similar trend in potency shift as the IC50 data when compared to the
natural phosphate controls. The data also show that the enzyme discriminates against
all of the ATP analogues (Ki/Km > 1) when compared with natural ATP, except in the
case of 9b (Ki/Km = 0.43). Overall the data seem to imply that the Rp-α-P-BH3
modification intrinsically increases the binding affinity (a lower apparent Km) of both
types of sugar modified NTP’s. The difference in the potency shifts of 9a (5.2-fold) and
9b (21-fold) seems to correlate to the presence or absence of the ribosyl 3'-OH group.
Substitution of a non-bridging α-phosphoryl oxygen with a BH3 group exerts a four-fold
greater potency shift when combined with the 3'-deoxy sugar modification as compared
to 2'-O-methyl modification (Table 3).
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Table 3: Inhibition constant (Ki) determined for ATPαB inhibitors 9a, and 9b compared to NTP controls.
Inhibitor

Ki (μM)

Km (μM)

Ki/ Km(ATP)

Potency Shifta

Rp-2'-O-Me ATPαB, 9a (n = 3)

10.3 ± 1.4

-

5.07

5.2

2'-O-Me ATP (n = 3)

53.4 ± 2.9

-

26.3

-

0.882 ± 0.219

-

0.43

21

18.7 ± 2.9

-

9.21

-

ATP (n = 7)

-

2.03 ± 0.39

-

-

Rp- ATPαB (n = 4)

-

1.17 ± 0.23

-

-

Rp -3'-dATPαB, 9b (n = 4)
3'-dATP (n = 3)
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a

Potency shift is the ratio of the inhibition constant (Ki) of the normal phosphate control divided by the Ki of the
NTPαB inhibitor.
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The role that the 3'-OH of the incoming NTP plays in the proper positioning of
the nucleotide in the active site of NS5B is not precisely known, though this role is very
well established for NTP interactions within the active site of HIV-1 RT (Selmi et al.,
2001). RNA polymerases and HIV-RT both have amino acid residues that interact with
the sugar of the incoming NTP. Chain terminators lacking a 3'-OH bind less efficiently
(high Kd), and some propose that the active site conformational changes during the
catalytic step depends upon the sugar hydroxyl interactions with proximal cationic and
hydrogen-bonding residues (Dobrikov and Shaw, 2005; Selmi et al., 2001). Hydrogen
bonding interactions between the γ-phosphate oxygen and the 3'-OH of the dNTP
bound to the catalytic magnesium in HIV RT seems to help maintain the proper
geometry for inline attack from the 3'-OH of the primer strand, and the lack of 3'-OH in
nucleoside-based chain terminators reduces the rate of catalysis (lower kpol) when
compared to natural NTPs. One could expect that this structure-activity correlation
would also apply to HCV NS5B.
Shim et al, studying the inhibitory properties of 3'-dNTPs with a similar
polymerase elongation assay, reported that the apparent affinity ratios (Ki/Km (NTP))
ranged from 2 - 25, indicating that a lack of 3'-OH moderately affects the binding affinity
(Shim et al., 2003). Unlike our experiments that utilized a de novo (or copy-back)
mechanism for template elongation, these data were generated using an RNA template
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annealed to a chemically synthesized dinucleotide primer. With this in mind, Shim et al
obtained a much different apparent affinity ratio value for 3'-dATP and ATP (Ki/Km =
2.3) than our experiments (Ki/Km = 9.2). Interestingly enough, their single nucleotide
incorporation assay, which more resembles de novo initiation than elongation, yielded
much higher Km values, ranging from 67 to 250 μM for the natural NTPs and lower
apparent affinity ratios (0.8 – 1.6) (Shim et al., 2003). This shows that the type of
template used can affect how the enzyme discriminates between natural nucleotides and
nucleotide analogs. The boranophosphate substitution on 9b reduced the penalty of
removing the 3'-OH group by 21-fold. The methyl group on 2'-OMe ATP imposed the
greatest penalty to binding the E·T complex, with an apparent affinity ratio of 26.3. The
boranophosphate substitution reduced this penalty by only 5.2-fold. This would imply
that, since the 3'-OH is present on 2'-OMe ATP, then the borane group is helping
through another mechanism. Perhaps the bulkiness of the methoxy group at the 2'
position disrupts hydrogen-binding interactions within in the active site of the enzyme.
The crystal structure of UTP bound to manganese in the active site of NS5B shows that
the conserved Asp 225 residue is in close proximity to the 2'-OH. It is thought to occupy
a similar position when NS5B is actively synthesizing RNA (O'Farrell et al., 2003)
(Figure 29).
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Mn

Pro-Rp

Mn

Figure 29: Crystal structure of HCV NS5B with UTP bound in the active site
(O'Farrell et al., 2003). Asp 225 interacts with the 2'-OH of incoming NTP substrates
and is a conserved residue throughout most RdRPs. The arrow indicates the oxygen
where the BH3 group would give the α-phosphorus an R configuration (Pro-Rp).
Crystal structure was taken from the NCBI structure database and rendered on Cn3D
version 4.3 freeware (PDB ID: 1GX6).
One other important observation from the HCV NS5B crystal structure is the
possible intramolecular interaction between the β-phosphate oxygen and 3'-OH of the
bound UTP. As with the case of HIV, disruption of this interaction via the removal of 3'-
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OH could reduce the ability for the enzyme to complete the catalytic step. The effect of
this BH3 substitution on the kinetics of NS5B-catalyzed RNA chain elongation increases
the apparent binding affinity of both ATP and sugar-modified ATP analogues. The
type of total nucleotide incorporation assay used in this study shows the global effects
an inhibitor has on RNA incorporation in a system where the rate-limiting step is the
dissociation of the enzyme full length product. The inhibitor most likely competes with
all four natural NTPs at multiple sites in the genomic RNA, giving results that closely
resemble the virus’ natural replicative process. To determine the actual binding
constant (Kd), and polymerization rate constant (kpol) of an incoming NTP, single
nucleotide incorporation under pre-steady-state conditions would have to be used. This
would monitor the initial binding of a single nucleotide and observe the catalytic step
during one turnover of product formation. These experiments, though, can be difficult
to perform due to the short (ms) time scale of this transient phase. These data represent
the first time a phosphate modified NTP has been studied as a substrate for HCV NS5B
RdRP.
The next step would be to expand the field of NTPαB analogues to include all
four nucleobases, nucleobase-modified nucleosides, and other ribose modifications such
as 2'-C-methyl NTPs. Additionally, single nucleotide steady-state incorporation
experiments would reveal kinetic parameters that represent the binding and the catalytic
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turnover of a single NTPαB analogue competing for a single site against a single natural
substrate.

3.4.3 Experimental Procedures
Steady-state kinetics using t500 RNA Template
Unless otherwise noted, NS5BΔ55-catalysed reactions contained 25 nM or
75 nM NS5BΔ55 in a 20 μL reaction consisting of 90 nM t500 RNA template, 20 mM Tris,
pH 7.5, 80 mM KCl, 4 mM MgCl, 5 mM DTT, 0.4 unit/μL RNasin (Promega), 0.2%
polyethylene glycol 8000, 50 μM EDTA, 1 μM NTPs (IC50 determination), or ATP was
varied and 100μM GTP, CTP, ~1-2 μCi of [α-33P]UTP and 10 μM UTP in the presence or
absence of inhibitor (Ki determination). RNA template was preincubated for 30 minutes
in the reaction stock then added to the NTP mixture pre-aliquoted in a 96-well plate to
initiate the reaction. At the desired time point, the reactions were quenched with 0.5M
EDTA and aliquots were spotted onto Whatman DE-81 25mm filter disks. After drying,
the filters were washed in 0.3M ammonium formate buffer five times for 10 minutes.
Spotted unwashed filters were used to determine specific activity. Filters were counted
in 4.5 mL Safety-Solv (RPI Corp.) scintillation fluid in a Beckman LS 6000 Scintillation
Counter. Reaction times were chosen from the linear region of the time course
experiments initially performed.
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Data Analysis
All data were analyzed using Graphpad Prism 5 software. The inhibitor
concentration which reduces the polymerase active to 50% (IC50) was determined using
the Hill equation, Y = %Min + (%Max-%Min)/(1+10((LogIC50-X)*HillSlope)) where Y is the percent
enzyme activity, X is the Log10 of inhibitor concentrations, and %Min and %Max are the
bottom and top asymptotes respectively with the same units as Y. IC50 values were
determined by a minimum of three independent experiments. The steady-state
inhibition constant (Ki) in μM of each inhibitor was calculated by nonlinear fitting of
data to the following equations (assuming a competitive mechanism): Y =
Vmax*X/(KmObs+X) and KmObs = Km*(1+[I]/Ki) where [I] is the concentration of the
inhibitor in μM, Km is apparent Michaelis-Menten constant with no inhibitor, KmObs is
the apparent Michaelis-Menten constant in the presence of the inhibitor, Vmax is the
maximum reaction velocity, and X is the concentration of ATP in μM. Ki values were
determined by a minimum of three independent experiments. Lineweaver-Burk plots
are shown for qualitative purposes only. The Ki for each compound was initially
approximated using the Cheng-Prusoff equation, Ki = IC50/(1+[ATP]/Km), where [ATP] is
the concentration of ATP in the dose-dependent experiments (1 μM) (Cheng and
Prusoff, 1973). The concentration of inhibitor in the competitive inhibition assays was
set at approximately 10Ki and then serially diluted to span the calculated Ki.
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3.5 Chapter Summary, Implications, and Future Directions
HCV and other viruses can have devastating effects on the human population
worldwide. New therapeutic strategies constantly need to be developed due the rapid
mutation rate in viral quasispecies, which causes allosteric NNRTIs and vaccines to
quickly become obsolete. Nucleoside based polymerase inhibitors have always had
great therapeutic potential because the amino acid residues that makes up the active site
of a viral polymerase can only endure so many mutations before error catastrophe.
Even with this advantage, nucleoside inhibitors can still drive the resistance mechanism,
i.e., mutations plus natural selection. Three means by which a virus may acquire
nucleoside-based drug resistance through mutations in the active site of its polymerase
involve: (a) mutations that limit nucleotide binding (lower Km) by creating undesirable
Van der Waals interactions between amino acid residues and added bulky substituents
on the inhibitor that differ from the natural substrate (e.g., non-canonical chain
terminators such as 2’-C-methyl nucleosides), (b) mutations that limit catalytic efficiency
(lower kcat) with nucleoside inhibitors that are missing an important 3'-OH group
(canonical chain terminators), and (c) mutations that increase pyrophosphorolytic or
ATP-mediated repair of chain termination. Boranophosphate modified nucleoside
triphosphates have been shown to suppress mechanisms (b) and (c) in the case of HIVRT. Therefore, it would be reasonable to investigate whether the BH3 modification has a
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similar effect on nucleoside-based inhibitors of HCV RdRP. So far, the S282T NS5B
variant is the only HCV mutant polymerase that is currently known to be resistant to a
nucleoside inhibitor. 2'-C-methyl ATP and CTP can cause the serine residue at the 282
position to mutate to a bulkier threonine (S282T) (Deval et al., 2007; Migliaccio et al.,
2003). The resulting Van der Waals interactions between the 2'-C-methyl group on the
nucleotide inhibitor and the amino acid of side chain of T282 prevent efficient nucleotide
incorporation. For future studies, we would investigate if the α-P-BH3 modified 2'-Cmethyl ATP or CTP would suppress this type of S282T NS5B–mediated drug resistance.
We hypothesize that the borane would not completely restore the activity of these types
of inhibitors through an increased binding, but through an accelerated catalytic step.
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4. Synthesis of Anti-HIV NTPαB Analogues
4.1 Introduction
4.1.1 HIV Replication Mechanism
Human immunodeficiency virus (HIV) was official recognized in 1981 and
became known as the causative agent of human auto immune deficiency syndrome
(AIDS) in the early 1980s (Barre-Sinoussi et al., 1983). HIV/AIDS is considered a
pandemic with 33.3 million currently living with the virus and 1.8 million people dying
per year from AIDS related illness (UNAIDS/WHO, 2010). The region with the highest
infected population is in sub-Saharan Africa which contains two thirds of all HIV
infected individuals worldwide (Figure 30).

Figure 30: Global prevalence of HIV up to 2009 (UNAIDS/WHO, 2010)
95

HIV infection mainly spreads through blood, semen, vaginal fluid, and breast
milk, and targets “helper T cells” (CD4+ lymphocytes), macrophages, and dendritic cells
(DC) (Cunningham et al., 2010). HIV was shown to actually manipulate the immune
system by interfering with the production of cytokines (Cunningham et al., 2010). CD4+
helper T cells play an important role in the primary signaling cascade that produces an
immune response. If left untreated the HIV infection reduces CD4+ cell counts which
leads to opportunistic infections and eventual death (Holmes et al., 2003).
HIV is a member of genus Lentivirus within the Retroviridae family. HIV
contains an RNA genome that is reverse transcribed to dsDNA using an RNAdependent DNA polymerase (RdDP), commonly named a reverse transcriptase (RT).
The viral capsid also contains an integrase protein that helps to integrate the viral
genome into cellular DNA. The virus then simply utilizes the host cellular transcription
and translation machinery to produce multiple viral particles. The HIV-RT enzyme can
utilize both ssRNA and ssDNA as a template but accepts only dNTPs as substrates. The
mechanism by which HIV-RT switches from RNA-directed DNA synthesis to DNAdirected DNA synthesis is highly conserved and is based upon a segment of genome
known as the polypurine tract (PPT) (Sarafianos et al., 2001). After a cellular transfer
RNA (tRNA) anneals to the primer binding site (PBS), the first synthesis of (-) DNA
from the (+) RNA template begins (Figure 31).
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Figure 31: Reverse transcription of the HIV-1 genome (DNA in red, RNA in
Black). (A) (-) DNA synthesis with tRNA annealing to the primer binding site (PBS)
and RNase H cleaving the 5' end of the (+) RNA. (B) DNA strand transfers to 3' of
RNA, binding at the identical repeat site (R). (C) (-) DNA synthesis resumes with
RNase H cleavage of all RNA except the polypurine tract (PPT). (D) PPT is the
primer for 2nd DNA strand sythesis. (E) PPT and tRNA are removed by RNase H. (F)
DNA strands re-anneal at the newly formed PBS sites (outlined with boxes) and
complete the dsDNA (adapted from Sarafianos et al. (Sarafianos et al., 2001).
The RNase H domain of HIV-RT then cleaves the 5' end of the (+) RNA in the
RNA/DNA duplex and the DNA strand transfers to 3' end of (+) RNA, binding at the
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identical repeat site (R). RNase H again cleaves the RNA until only the PPT is left
bound to the newly reverse transcribed (-) DNA. The PPT then acts as the primer for the
second DNA strand synthesis. After RNase H cleavage of the PPT and tRNA, the two
DNA strands anneal at the PBS sites and full DNA-dependent DNA synthesis resumes
till the full length DNA duplex is finished. The PPT contains a very specific structural
motif that regulates RNase H-induced strand cleavage, and mutations within this motif
can disrupt the eventual positioning of the resulting PPT primer strand. Any mutations
to the PPT can induce a DNA frame shift during subsequent replication which
inevitably terminates the virus’ lifecycle (Sarafianos et al., 2001).

4.1.2 Strategies in Targeting HIV with NTPαB Analogues
4.1.2.1 Mutagenic Nucleotides
Since this mechanism of replication is highly conserved and very sensitive to
perturbations during the initial RNA-dependent DNA synthesis, there are two basic
nucleotide-based strategies one could use to disrupt viral replication. One way is to use
a mutagenic nucleoside to cause the virus to destructively mutate, i.e. through mutations
to the PPT region of the viral genome. HIV-RT is a very error-prone enzyme which
gives the virus an advantage against host immune response and antiviral therapies
(Preston et al., 1988). Since the advent of the anti-HCV mutagenic nucleoside Ribavirin
(11), which contains an exo-cyclic amide that can mimic the base pairing of either an
98

adenine or guanine, the idea of taking advantage of the low polymerase fidelity can be
expanded to include HIV-RT (Crotty et al., 2002). The 2′-deoxy derivative of 5-aza-5, 6dihydrocytidine (KP-1212, 12) was recently discovered by Koronis Pharmaceuticals Inc.
to successfully increase the mutation rate of HIV in cells (Harris et al., 2005) (Figure 29).
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Figure 32: Anti-HCV mutanogenic nucleoside Ribavirin (11) and Anti-HIV
mutanogenic nucleoside KP-1212 (12).
The unique non-aromatic nucleobase on 12 can base pair to a guanine the same
as cytosine, but can also tautomerize to the keto form which base pairs to adenine in a
similar manner to thymine. Our research group, in collaboration with Koronis
Pharmaceuticals Inc., wanted to investigate whether an α-P-BH3 modification to the
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triphosphate form of KP-1212 would increase the incorporation rate and possibly
increase the mutagenic effect of the resultant nucleotide after it was incorporated as a
boranophosphate diester (KP1212-BP).

The DNA strand with the incorporated KP-1212

phosphodiester or KP-1212-BP would potentially cause mutations when the strand is
“read” as a template.
4.1.2.2 Chain Terminating Nucleotides
Another way to disrupt the replication process is to target the enzyme’s active
site by using chain terminators, which lack the necessary 3'-OH to properly extend the
DNA chain. Yet, as mentioned in Chapter 1, the propensity for HIV-RT to mutate and
become resistant to chain terminator type drugs inevitably makes this strategy
problematic. A way to improve chain terminating NRTIs is to introduce the α-P-BH3
modification to the NTP form of the nucleoside. Since the success of Rp isomer of
D4TTPαB (31) versus drug resistant single mutant forms of HIV-RT (Deval et al., 2005),
it would be worthwhile to investigate whether this modification can improve the
inhibitory properties of D4T (25) versus multi-drug resistant mutant forms of HIV-RT
(Figure 33).
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Figure 33: Structures of D4T (25) and D4TTPαB (31).
The Rp and Sp stereoisomers of D4TTPαB (31) cannot be separated by HPLC so a
direct synthesis of 31 from nucleoside 25 would not be a viable strategy. Our research
group recently developed a technique to stereoselectively phosphorylate a
diastereomeric mixture of 5'-(α-P-borano)nucleoside diphosphate (NDPαB) using
nucleoside diphosphate kinase (NDPK) to give only Rp-NTPαB (Wennefors et al., 2008).
Therefore, we needed to synthesize D4TDPαB from commercially available D4T
nucleoside for subsequent phosphorylation using ATP and NDPK (Wennefors, 2008).
Here we also demonstrate the first time synthesis of the NTPαB analogue (16) of
the mutagenic nucleoside KP-1212, and the synthesis of D4TDPαB (30), which is used as
a precursor for the enzymatic synthesis of the chain terminating nucleotide Rp-D4TTPαB
(31) (Figure 34).
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Figure 34: Retrochemical analysis of target anti-HIV dNTPαB analogues: KP1212-TPαB (16) synthesized from KP-1212 (12). Rp-D4TTPαB (31) synthesized from
D4TDPαB (30) and starting material D4T (25).
Our research group subsequently demonstrated the stereo-selective
phosphorylation of the diastereomeric mixture of 30, which yielded the pure Rp isomer
of 31 (Wennefors, 2008; Wennefors et al., 2008). Biological assays for all D4T-related
compounds were performed by Dr. Charlotta Wennefors collaboration with Dr.
Xiaoying Shen in the Dr. Georgia Tomaras laboratory.
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4.2 Synthesis of Anti-HIV KP-1212-TPαB
4.2.1 Background
5-Aza-5,6-dihydro-2'-deoxycytidine (KP-1212, 12) is a similar nucleoside to
deoxycytidine (dC) yet contains an endo-cyclic amino group (NH) in the five position,
and is not aromatic due to the unsaturated six position (Figure 35).
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Figure 35: Structures of 5-aza-5,6-dihydro-2'-deoxycytidine (KP-1212, 12) and
deoxycytidine (dC)
As mentioned in the introduction, these structural changes allow the cytidinelike 12 to tautomerize to its imino form and base-pair with an adenosine. This
mutagenic effect can occur after the triphosphate form of 12 is incorporated; therefore
this is not considered an direct inhibitor of HIV-RT. HIV, like most virus quasispecies,
has a certain tolerance for random errors during replication (Huang et al., 1998). KP1212 was found to successfully push the virus past this point of error catastrophe and
was found to not select for any drug resistance to itself or to other NRTIs (Harris et al.,
2005). Therefore, we proposed that 5-Aza-5-6-dihydro-2'-deoxycytidine 5'-(α-P-borano)
triphosphate (KP-1212-TPαB, 16) could be synthesized from nucleoside 16 using the
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same strategy that yielded anti-HCV NTPαB analogues 9a and 9b, as discussed in
Chapter 3.
When considering a modification to any novel nucleoside one must consider the
conditions that the nucleoside must endure during addition of protecting groups. The
proposed synthesis of 16, therefore, should limit the exposure of the nucleoside to low
pH conditions due to the possibility of isomerization of the glycosidic bond. The 5-Aza5,6-dihydrocytosine base is not as stable as its aromatic parent compound dC and can
possible undergo glycosidic bond cleavage. This would then lead to intermediate sugar
species that could reestablish the glycosidic bond in either the α or β anomeric position,
yielding a mixture of the correct β anomer of KP-1212 and the incorrect α anomer. The
α anomer would most likely have either much different biological activity, or none at all.

4.2.2 Results and Discussion
4.2.2.1 Synthesis of N4-acetyl-3'-O-acetyl-5-Aza-5,6-dihydro-2'-deoxycytidine
With that in mind we proposed that the synthesis follow a similar route to
NTPαB analogues 9a and 9b to first produce the exo-cyclic amine and 3'-OH-protected
nucleoside to leave the 5'-OH free for phosphitylation. The one exception is the use
TBAF instead of the milder TEA:3HF to remove TBDPS during the final step due to the
presence of HF lowering the apparent pH of the reaction mixture. KP-1212 was
generously provided to our research group by Koronis Pharmaceuticals Inc. along with
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characterization data. Our Biotage high performance flash chromatograph (HPFC) uses
a detector that is fixed at a wavelength of 254 nm and only collects what is detected,
therefore, all column chromatography was performed on manual columns. This was
due to the nucleobase of KP-1212 having a weak UV absorbance profile near 254 nm,
which is primarily due to the nucleobase being unsaturated and, as a consequent, nonaromatic. Unprotected nucleoside 12 was reacted with TBDPS-Cl and imidazole in
anhydrous DMF at -5 ºC to give 5'-O-TBDPS-5-Aza-5,6-dihydro-2'-deoxycytidine (13) in
84% yield (Scheme 4).
Scheme 8: Sythesis of N4-acetyl-3'-O-acetyl-5-Aza-5,6-dihydro-2'deoxycytidine (20)
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The product 13 was isolated using a manual silica gel column as a single peak
and verified using ESI-MS in negative ion mode, which did not show any starting
material or disubstituted products. After removing solvents in vacuo, 13 was reacted
with 40 equivalents of acetic anhydride in anhydrous pyridine and dichloromethane at
room temperature for 25 hours to give 5'-O-TBDPS-N4-acetyl-3'-O-acetyl-5-Aza-5,6dihydro-2'-deoxycytidine 14 in 59% yield. Product had one impurity that was identified
as 14 with an N5-acetyl group. The reaction mixture was purified using HPFC with a
silica gel column pretreated with TEA to lower the acidity and a single peak was eluted.
ESI-MS confirmed that the TEA in the column most likely removed the labile N5-acetyl
group. The TBDPS protecting group was then removed by treating 14 with a solution of
1.0M TBAF in anhydrous THF at room temperature for only 30 minutes and purified on
via column chromatography, giving N4-acetyl-3'-O-acetyl-5-Aza-5-6-dihydro-2'deoxycytidine 15 in 83% yield. The three steps to produce 15 resulted in an overall yield
of 42%.
4.2.2.2 Synthesis of KP-1212-TPαB
KP-1212-TPαB was synthesized via the same one pot synthesis previously
described in Chapter 3 with an undetermined yield due to the nucleobase having a poor
UV absorbance profile (Scheme 5).
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Scheme 9: Synthesis of KP-1212-TPαB from 20
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Compound 16 was characterized with ESI-MS (negative ion mode) and 31P NMR.
The HPLC separation of diastereomers has not been attempted with 16 due to the
difficulty of detecting the compound. One way to solve this problem would be to
separate the Rp and Sp stereoisomers on an HPLC fitted with an ESI-MS detector. An
analytical HPLC profile could then be used to determine the conditions needed for bulk
separation on a preparative HPLC, and the subsequently collected fractions could be
analyzed with ESI-MS.

4.2.3 Experimental Procedures
5'-O-TBDPS-5-aza-5,6-dihydro-2'-deoxycytidine (13). 12, (1.97 mmol) along with
imidazole (4.41 mmol) was dried over P2O5 under vacuum and suspended in anhydrous
DMF (20 mL) at -5 ºC. TBDPS-Cl (5.71 mmol) was added drop-wise to the mixture over
a period of 30 minutes while maintaining a temperature of -5 ºC under argon. The
reaction was allowed to warm to room temperature with medium stirring for 2 hours.
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After removing DMF by vacuum distillation, the colorless viscous liquid was purified by
manual silica gel column chromatography (A: CH2Cl2/B: MeOH, 0-15% B, all solvents
were treated with 0.2% TEA) to give 13 (1.65 mmol, 84%) as white foam. 1H NMR (400
MHz, CDCl3) for 13 δ 1.04 (s, 9H), δ 1.25 (t, 1H), δ 1.90-2.15 (m, 2H), δ 3.10 (q, 1H), δ 3.703.85 (m, 3H), δ 4.39 (quintet, 1H), δ 4.45 (q, 2H), δ 6.21 (dd, 1H), δ 7.40-7.70 (m, 10H), δ
8.30 (s, 1H); ESI-MS (infusion) [M + H]+ m/z calculated for C24H32N4O4Si 468.2, found
469.3.
5'-O-TBDPS-N4-acetyl-3'-O-acetyl-5-aza-5,6-dihydro-2'-deoxycytidine (14). A
solution of compound 13 (1.65 mmol) in anhydrous dichloromethane (15 mL) and
pyridine (15 mL, 100.0 mmol) was treated with acetic anhydride (65.8 mmol) and
allowed to stir overnight at room temperature. Solvents were removed by vacuum
distillation and the resulting faint yellow liquid was diluted with CH2Cl2 and washed
with 10% NaHCO3 then brine. The organic layer was dried over Na2SO4 and filtered.
The filtrate was concentrated in vacuo, and the residue was purified by silica gel column
chromatography in two steps (A: Hexane/B: EtOAc, 0-40% B, then A: CH2Cl2/B: MeOH,
0-8% B, all solvents were treated with 0.2% TEA) to give 14 (0.974 mmol, 59%) as a white
foam. 1H NMR (400 MHz, CDCl3) for 14 δ 1.07 (s, 9H), δ 1.40 (t, 1H), δ 2.05 (s, 3H), δ 2.15
(s, 3H), δ 3.10 (quintet, 1H), δ 3.70 (t, 1H), δ 3.91 (m, 1H), δ 4.50-4.70 (dd, 2H), δ 5.30 (d,
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1H), δ 6.20 (dd, 1H) δ 7.30-7.70 (m, 10H); ESI-MS (infusion) [M + H]- m/z calculated for
C28H36N4O6Si 552.2, found 551.3.
N4-Acetyl-3'-O-acetyl-5-aza-5,6-dihydro-2'-deoxycytidine (15). A solution of 14
(2.62 mmol) in anhydrous THF (10 mL) was treated with a 1.0 M solution of TBAF (1.07
mmol) in THF and stirred at room temperature for 30 minutes. THF was removed in
vacuo, and the colorless liquid was purified by silica gel column chromatography (A:
CH2Cl2/B: MeOH, 0-6% B, all solvents were treated with 0.2% TEA) to give 15 (0.808
mmol, 83 %) as a white solid with an overall yield of 42%. 1H NMR (400 MHz, CDCl3)
for 15 δ 2.06 (s, 3H), δ 2.12 (s, 3H), δ 3.26 (quintet, 1H), δ 2.95 (br, 1H), δ 3.65-3.81 (dd,
2H), δ 3.95 (q, 1H), δ 4.80 (d, 1H), δ 5.20 (m, 1H), δ 6.07 (dd, 1H); ESI-MS (infusion) [M −
H]− m/z calculated for C12H18N4O6 314.1, found 312.9.
5-Aza-5,6-dihydro-2'-deoxycytidine-5'-(α-P-borano)triphosphate (KP1212-TPαB,
16). Compound 15 (0.3 mmol) was dried over P2O5 under vacuum, and suspended in
anhydrous DMF (1.0 mL) and pyridine (1.5 mmol). Under argon, 2-chloro-4H-1,2,3benzodioxaphosporin-4-one (0.33 mmol dissolved in anhydrous CH2Cl2) was added,
and the reaction mixture was stirred for 10 min, while phosphitylation of the 5'-OH was
monitored via 31P NMR (doublet at 126 ppm). The mixture was treated with
tributylammonium pyrophosphate (0.9 mL of a 0.5 M solution in anhydrous DMF) along
with tributylamine (1.2 mmol) and stirred for 15 min. Excess dimethyl sulfide-borane
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complex (BH3:SMe2, 1.2 mL of a 2.0 M solution in THF) boronating reagent was added,
and the reaction was allowed to stir for 30 min. Complete boronation was confirmed by
the disappearance of the PIII peak at 100 ppm along with the formation of a broad peak
at 90 ppm, representing the 5'-(α-P-borano) cyclotriphosphate moiety. The 5'-(α-Pborano) cyclotriphosphate was converted to the 5'-(α-P-borano) triphosphate with the
addition of a 3:2 v/v mixture of triethylamine and water (TEA:H2O, 4 mL) at room
temperature for 2 hours. The mixture was extracted with Et2O and the water layer
evaporated. Concentrated NH4OH (25 mL) was added to the crude mixture and heated
at 50 ºC overnight to remove both acetyl protecting groups. After further evaporation,
the mixture was purified on a column packed with Whatman QA-52 anion exchanging
resin using a linear gradient (5 to 400 mM ammonium bicarbonate). The fractions
containing 16 were checked using ESI-MS (negative ion mode), and lyophilized with
deionized water. The overall yield of 16 is undetermined due to a weak UV absorbance
profile. ESI-MS (infusion) M− m/z calculated for C11H20BN5O12P3 467.0, found 466.9.

4.3 Synthesis of D4TDPαB, D4TTP, and dTTPαB for
Phosphorylation and HIV Inhibition Studies
4.3.1 Background
As mentioned in the introductory Chapter 1, nucleotide-based RT inhibitors
(NRTIs) target the active site of the polymerase and chain terminate a growing DNA
strand. Also briefly mentioned were the effects that an α-P-BH3 modification can have
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on anti-HIV chain terminating nucleosides such as AZT, ddC and D4T. Of great interest
to our group is the suppression effect that the Rp-α-P-BH3 modification of the
triphosphate form of D4T (D4TTPαB) has on multi-drug resistance mutant HIV-RTs.
The pre-steady state data published by Deval et al. used Rp and Sp stereoisomers of
D4TTαB that were claimed to be separated using only reverse-phase HPLC (Deval et al.,
2005). The complete separation of Rp and Sp diastereomers has been shown repeatedly in
our research group to be nearly impossible via HPLC (Wennefors, 2008). It is most
likely that they were not using diastereomerically pure D4TTPαB. Our research group
recently developed a means to stereoselectively phosphorylate a mixture Rp and Sp 5'-(αP-borano)nucleoside diphosphate (NDPαB) to yield only the Rp-NTPαB using
nucleoside diphosphate kinase (NDPK) (Wennefors, 2008; Wennefors et al., 2008).
D4TDPαB (26) could be synthesized from the D4T nucleoside, purified, and then
phosphorylated by Dr. Charlotta Wennefors to produce only Rp-D4TTPαB (27). Dr.
Xiaoying Shen in the Dr. Georgia Tomaras laboratory then tested the Rp-D4TTPαB in
multi-drug resistant HIV-1 lysates (HIV strains 1617-1 and 35764-2) to monitor RNAdependent DNA synthesis using a DE-81 filter binding assay. The multi-drug resistant
HIV strain 1617-1 contained the following mutations: K70G, M184V, T69K, V75I, F77L,
F116Y, and Q151M. The multi-drug resistant HIV strain 35764-2 contained the following
mutations: V75I, F77L, F116Y, and Q151M. In addition, Charlotta Wennefors
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investigated the steady-state kinetics of single nucleotide incorporation in wt HIV-RT
using purified Rp-D4TTPαB versus the natural phosphate control (D4TTP), and RpdTTPαB (Wennefors, 2008).
The target compounds synthesized for this study were: D4TDPαB (26), D4TTP
(28) (control), and dTTPαB (30) (NTPαB control with unmodified ribose) (Figure 36).
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Figure 36: Compounds synthesized for HIV inhibition study.
A convenient synthesis of NDPαBs that was developed by Li, et al. was chosen,
which uses ethylenediamine, instead of TEA:H2O during the normal ring opening step,
to initiate the nucleophilic ring opening of the cyclotriphosphate 20 (Li et al., 2005)
(Scheme 6).
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Scheme 10: Synthesis of modified NDP and NTP from a cyclotriphosphate
intermediate (Li et al., 2005)
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The ethylenediamine, now bonded to the γ-phosphorus (21), dephosphorylates
the gamma phosphate of the newly formed boranotriphosphate through an
intramolecular attack, resulting in the NDPαB (23) and the cyclic phosphorodiamidate
(24). This synthesis is very similar to the NTPαB synthesis mentioned throughout this
dissertation. Both reactions proceed through a cyclotriphosphate intermediate (20) and
they differ only in the type of nucleophile (Nuc) used during the ring opening step
(ethylenediamine or H2O). This one pot synthesis offers a convenient and mild process
to generate the needed NDPαB analogue 26, though the yields are typically around 15 20% (Li et al., 2005). The normal triphosphate control 28 was synthesized using the
same modified Ludwig-Eckstein procedure discussed in Chapter 3. Deoxythymidine 5'-
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(α-P-borano)triphosphate (dTTPαB, 30) was synthesized from 3'-O-acetyldeoxythymidine (3'-OAc-dT, 29) using the same procedure for synthesizing all NTPαBs,
also discussed in Chapter 3. D4TDPαB (26) was synthesized and purified in
collaboration with Dr. Syed Nadeem Hashmi in our research group. The original
synthesis of D4TDPαB (26) was performed by Dr. Zhihong Xu (Xu, 2007).

4.3.2 Results and Discussion
4.3.2.1 Synthesis of D4TDPαB and D4TTP
Since the D4T nucleoside does not have 2', or 3' hydroxyl groups or an exocyclic
amine, no functional group protection was necessary. Commercially available D4T
nucleoside (21) was phosphitylated with Sal-P-Cl giving the 5’-Sal-P-nucleoside 23,
which was identified by the appearance of a 31P NMR signal at δ 128 (Scheme 7).
Scheme 11: Synthesis of D4TDPαB and D4TTP control
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Tributylammonium pyrophosphate was added to form the nucleoside cyclic
triphosphate 28, which was verified by 31P NMR. 2.0 M BH3 in dimethyl sulfide
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(BH3:SMe3) was added to the reaction pot in which the electron pair on the α-phosphite
displaced the SMe2 and formed the boronated cyclic triphosphate 28a.

31

P NMR of the

reaction mixture confirmed the formation of a P-B bond with a broad peak at δ 90.
Addition of ethylenediamine opened the cyclic boranophosphate 28a forming two
diastereomers of D4TDPαB 30. The evaporated mixture was purified on ion-exchange
chromatography with QA-52 packing material and ammonium bicarbonate mobile
phase. D4TDPαB was obtained as the last eluting peak. After lyophilizing with
deionized water to remove excess salts, the diastereomeric mixture of 30 was confirmed
using, ESI-MS, 1H NMR, and 31P NMR. Total yield of 30 (mixture of stereoisomers) was
determined to be 15% by UV-Vis (267 nm). The diastereomers of ion-exchange-purified
D4TDPαB could not be separated using ion pairing HPLC under isocratic or gradient
conditions. Final purification of 26 was performed on a semi-preparative Waters HPLC
using a semi-prep Waters Delta-Pak™ C18 column (25 mm x 100mm, 100 Å, 15 μm
eluted with 9% methanol in 50 mM TEAA buffer.
D4TTP 32 was synthesized using the same method as above except that t-butyl
hydroperoxide was used to oxidize the cyclic intermediate 28 instead of the borane
complex (Scheme 7). This formed the 5'-nucleoside metaphosphate 29b which was
subsequently hydrolyzed with a TEA/H2O mixture (3:2, v/v) to form D4TTP 32. The
evaporated mixture was purified on ion-exchange chromatography with QA-52 packing
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material eluted with an ammonium bicarbonate mobile phase. 32 was obtained as the
last eluting peak. After lyophilizing with deionized water to remove excess salts, the
structure of 32 was confirmed using, ESI-MS, 1H NMR, and 31P NMR. Total yield of 32
(mixture of stereoisomers) was determined to be 19% by UV-Vis (267 nm). Final
purification of 32 was performed on a semi-preparative Waters HPLC using a semi-prep
C18 column eluted with a 97:3 mixture 50 mM TEAA buffer and acetonitrile under
isocratic conditions.
4.3.2.2 Synthesis of dTTPαB
α-P-Boranophosphate analogue dTTPαB (34) was synthesized from
commercially available 3'-OAc Thymidine (33) via the same one pot synthesis previously
described in Chapter 3 with a 37% overall yield (Scheme 8).
Scheme 12: Synthesis of dTTPαB (30)
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Compound 34 was characterized with ESI-MS (negative ion mode), 1H NMR, and
31

P NMR. The HPLC separation of diastereomers was performed by Dr. Charlotta

Wennefors (Wennefors, 2008).
4.3.2.3 Stereoselective phosphorylation of D4TDPαB with S. cerevisiae NDPK (Project
in collaboration with Dr. Charlotta Wennefors)
Although the synthesis of α-P-borano modified NTPs is fairly straightforward
using the one-pot phosphorochloridite synthesis discussed extensively in this
dissertation, separation of the generated Rp and Sp stereoisomers by HPLC can be tricky,
depending on the sugar modifications. The Rp and Sp stereoisomers of NTPαB
containing a dideoxynucleoside (ddN), such as D4T, lack both the 2' and 3'-OH groups
on the ribose, consequently are impossible to separate efficiently with HPLC (Liu, 2008;
Wennefors, 2008).
An alternate strategy had to developed if the purely Rp form of D4TTPαB was to
be obtained. One way to circumvent the need for a chromatographic separation that
would have eventually required an expensive custom-made chiral column, Dr. Mikhail
Dobrikov and Dr. Charlotta Wennefors of our research group utilized the
stereospecificity of S. cerevisiae nucleoside diphosphate kinase (NDPK) to phosphorylate
a mixture of D4TDPαB (30) stereoisomers to yield a stereopure Rp-D4TTPαB (31)
(Scheme 9). Meyer et al. had previously found that Rp stereoisomer of D4TDPαB is a
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substrate for NDPK and actually increases the rate of phosphorylation compared to the
natural phosphate form of D4TDP (Meyer et al., 2000).
Scheme 13: Phosphorylation of diastereomeric mixture of D4TDPαB to RpD4TTPαB using NDPK and ATP (Wennefors, 2008)
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Contrary to this, they also found that the Sp stereoisomer of D4TDPαB was not a
substrate leading to the idea that NDPK was stereospecific with respect to the αphosphorus of NDPs. This was further justified by the crystal structure of Rp-dTDPαB
bound to NDPK showing the α-P-BH3 group projecting out of the active site of the
enzyme and not interacting with the catalytic magnesium (Figure 37). This lack of Sp
isomer interaction is not surprising since the BH3 group in the crystal structure of
dimethyl boranophosphate demonstrated that triethylammonium and magnesium
cations only associate with the non-bridging oxygen opposite the BH3 group (Summers
et al., 2001; Summers et al., 1998).
118

Figure 37: Rp-dTTPαB with 2Fo – Fc electron density map at 1.92 Å resolution
bound to NDPK (Meyer et al., 2000). The α-P-BH3 group (green) can be seen
projecting outward towards the reader with the other non-bridging oxygen chelating
magnesium. The Sp stereoisomer would have the BH3 group pointing towards the
magnesium, creating steric problems with other binding amino acid residues.
Briefly, a time course was set up to observe the phosphorylation of the 30 using a
reaction mixture consisting of S. cerevisiae NDPK, phosphoenol pyruvate, 30, ATP, and
pyruvate kinase (PK). PK was used to recycle the adenosine diphosphate (ADP) that
was generated from the ATP-dependent NDPK phosphorylation of 31. A reaction time
of two hours was chosen to obtain a product yield of 75-80%. It was observed that, at
90%+ conversion, the enzyme could possibly phosphorylate a small amount of the Sp
isomer of 30 due to substrate depletion. This would be critical since separation of Rp and
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Sp stereoisomers of D4TTPαB is impossible and therefore the presence of this impurity
could not be verified or quantitated via HPLC. After a reaction scale-up, the reaction
mixture was injected on a Varian HPLC under isocratic conditions with 9% methanol in
a 50 mM TEAA buffer, using a Waters Deltapak C18 Column (7.8 x 300 mm, 15 μm, 100
Å) (see Figure 38 for the HPLC profile).

Figure 38: Ion pairing HPLC profile of the products of the stereospecific
phosphorylation of D4TDPαB (26) (Wennefors, 2008). Rp stereoisomer of D4TTPαB
(27) eluted at 69 minutes, and the remaining mixture of unresolved Rp/Sp isomers of
D4TDPαB (26) eluted at 54 minutes. Separation was carried out under isocratic
conditons with 9% methanol in 50 mM TEAA buffer, using a Waters Deltapak C18
Column (7.8 x 300 mm, 15 μm, 100 Å).
The formation of 31 (MW = 460.8) was confirmed using ESI-MS run in the
negative ion mode. The purified Rp isomer of 31 was collected, lyophilized, and stored
at -20 ºC.
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4.3.2.4 Inhibition of Wild-Type (wt) and Multi Drug Resistant HIV-RT with RpD4TTPαB (Project in collaboration with Dr. Charlotta Wennefors and Dr. Xiaoying
Shen in)
The dose-dependent inhibition of HIV-RT catalyzed RNA-dependent DNA
synthesis was performed for wild-type and multi-drug resistant viral lysates using a DE81 radioactive dot blot assay. Triton-X detergent was used to solubilize the viral capsid
of both wt and multi-drug resistant strains 1617-1 and 35764-2 of HIV-1. HIV strain
1617-1 contained the following mutations: K70G, M184V, T69K, V75I, F77L, F116Y, and
Q151M. HIV strain 35764-2 contained the mutations: V75I, F77L, F116Y, and Q151M.
This procedure releases the viral RT so in vitro RNA-dependent DNA synthesis can be
measured as a function of inhibitor concentration. The incorporation of [α-32P]TTP into
a poly(A)/poly(T) Template/primer was measured after 1.5 hours while varying the
concentrations of D4TTP (32) or Rp-D4TTPαB (31). Reaction mixtures were incubated
and spotted onto Whatman® chromatographic DE-81 cellulose paper fixed to a dot blot
vacuum manifold (Figure 37). The filter was washed to remove un-incorporated [α32

P]TTP then exposed to a PhosphorImager cassette (Kodak). The cassette was scanned

using a Typhoon PhosphorImager to quantify the radioactivity and the signal was
converted to % HIV inhibition. Percent HIV inhibition was plotted versus Log10
inhibitor concentration and fitted to a 4-parameter Hill equation. The IC50 of inhibitor 31
and 32 was calculated and listed in (Figure 39).
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A

B

Figure 39: (A) Dot blots of wt and drug-resistant mutant HIV-RT inhibition of
[α- PTTP] incorporation into a poly(A) template by D4T-TP (28) and Rp-D4T-TPαB
(27). Concentration of 27 and 28 (0-20 μM) increaes from right to left. 4-parameter
logistic inhibition curve of RNA-dependent DNA synthesis by wt and multidrug
resistant HIV RT (1617-1, 35764-2) lysates along with IC50 values for both wt and
multidrug resistant HIV-RTs (Wennefors, 2008).
32
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The Rp isomer of D4TTPαB inhibitied wt HIV-RT four-fold better than D4TTP. A
much greater inhibiton of 30-fold and 17-fold was observed with the mutant HIV-RTs
1617-1 and 35764-2 respectively. Both mutant forms of HIV-RT exhibited a greater
resistance to the natural phosphate analog of D4T than the wt RT. HIV 1617-1 exihibited
the largest resitance with a discrimination factor of 115-fold (IC50 1617-1/IC50 wt). This
indicates that this viral mutant would require approximately 100 times the dose of D4T
than with the wt virus. The 35764-2 strain of HIV-RT discriminated against D4TTP 25fold greater than wt HIV-RT. The boranophosphate substitution restored the potency of
D4T for both mutant forms of HIV-RT.
The RNA-dependent DNA synthesis step is cruial to the virus in that the RNA
genome is cleaved by the RNase H domain of HIV-RT when synthesis is halted. This
results in a total loss of the HIV genome. Therefore it is significant that the α-P-BH3
modification not only increases the potency of the parent nucleotide inhibitor versus the
wt revertranscriptase, but suppresses the drug resistance of both 1617-1 and 35764-2
HIv-RTs which contain common thymidine-analog associated mutations.

4.3.3 Experimental Procedures
4.3.3.1 Synthesis of D4TDPαB (30)
D4T (0.5 mmol, 25) was dissolved in anhydrous DMF (1.5 mL) and anhydrous
pyridine (2.5 mmol) under argon. A freshly prepared solution of 2-chloro-4H-1,3,2123

benzodioxaphosphorin-4-one (0.55 mmol) in anhydrous CH2Cl2 (2.0 mL) was added
with a syringe. After 10 min tributylamine (2 mmol) and a solution of
tributylammonium pyrophosphate (0.75 mmol) in anhydrous DMF were added
simultaneously. The mixture was stirred for 15 min and verified by 31P NMR. 2 ml of 2.0
M BH3 in dimethyl sulfide was added, and the stirring was continued for 30 min.
Ethylenediamine (2.5 mmol) was added to the reaction mixture and a white precipitate
formed and, after stirring for 60 minutes deionized water was added and the white
solid dissipated. The mixture was evaporated, and the residue was loaded onto an ion
exchange column packed with QA-52 mixture. The column was eluted with both 5 mM
and 300 mM ammonium bicarbonate buffers using a linear gradient. The desired
fraction was evaporated down to 5ml and then lyophilized to yield the ammonium salt.
The Rp and Sp isomers of 30 was separated by a reverse phase HPLC (Delta Pak C18, 25 x
100 mm, 15μm, 100 Å) under isocratic conditions (50 mM triethylammonium acetate
(TEAA) and methanol) with a flow rate of 6.0 ml/min.
D4TDPαB (30). 31P NMR (400 MHz, D2O) δ 82.8 (br, 1P), δ -8.80 (br, 1P). ESI-MS
(infusion) M− m/z calculated for C10H16BN2O9P2 381, found 380.9. 30 was purified on a
Waters Delta 600 HPLC (including a 996 photodiode array detector) fitted with a DeltaPak C18 cartridge (25 X 100 mm) using isocratic conditions (50 mM TEAA:MeOH, 91:9).
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4.3.3.2 Synthesis of D4TTP (28)
D4T 25 (0.5 mmol) was dissolved in anhydrous DMF (1.0 mL) and anhydrous
pyridine (0.2 mL) under argon. A freshly prepared solution of 2-chloro-4H-1,3,2benzodioxaphosphorin-4-one (0.55 mmol) in anhydrous CH2Cl2 (2.0 mL) was added
with a syringe. After 10 min tributylamine (2 mmol) and a solution of
tributylammonium pyrophosphate in anhydrous DMF (0.75 mmol) were added
simultaneously. The mixture was stirred for 15 min and the reaction mixture was cooled
to 5 ºC and four equivalents of t-butyl hydroperoxide (5.5 M in decane) were added over
a period of 30 minutes. TEA:H2O (3:2, v/v) was added (5.0 mL), and the mixture was
stirred for 2 hours under normal atmosphere. The mixture was extracted with diethyl
ether; then evaporated, and finally the residue was loaded onto an ion exchange column
packed with QA-52 resin. The column was eluted with both 5 mM and 450 mM
ammonium bicarbonate buffers using a linear gradient. The desired fraction was
evaporated down to 5ml and then lyophilized to yield the ammonium salt. 32 was
purified by reverse phase HPLC (Delta Pak C18, 7.8 x 100 mm, 15μm, 300 Å) under
isocratic conditions (50 mM triethylammonium bicarbonate (TEAB) and acetonitrile
(ACN)) with a flow rate of 6.0 ml/min.
D4TTP (32) ESI-MS (infusion) M− m/z calculated for C10H15N2O13P3 464.0, found
462.9. 32 was purified on a Waters Delta 600 HPLC (including a 996 photodiode array
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detector) fitted with a Delta-Pak C18 cartridge (25 X 100 mm) using isocratic conditions
(97% 150 mM TEAB and 3% ACN).
4.3.3.3 Synthesis of dTTPαB (34)
3'-OAc-dT 33 (0.5 mmol) was dissolved in anhydrous DMF (1.0 mL) and
anhydrous pyridine (0.2 mL) under argon. A freshly prepared solution of 2-chloro-4H1,3,2-benzodioxaphosphorin-4-one (114.0 mg) in anhydrous CH2Cl2 (2.0 mL) was added
with a syringe. After 10 min (or verification with 31P NMR of 0.5 mL of reaction mixture)
tributylamine (0.48 mL) and a solution of tributylammonium pyrophosphate in
anhydrous DMF (1.5 mL, 0.5 M) were added simultaneously. The mixture was stirred
for 15 min and verified by 31P NMR. 2 ml of 2.0 M BH3 in dimethyl sulfide was added,
and the stirring was continued for 30 min. TEA:H2O (3:2, v/v) was added (5.0 mL), and
the mixture was stirred for 2 hours under normal atmosphere. The protected TTPαB
was treated with NH4OH overnight to remove the 3'-OAc groups. The mixture was
evaporated, and the residue was loaded onto an ion exchange column packed with QA52 mixture. The column was eluted with both 5 mM and 400 mM ammonium
bicarbonate buffers using a linear gradient. The desired fraction was evaporated down
to 5ml and then lyophilized to yield the ammonium salt.
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dTTPαB (34). 1H NMR (D2O) δ 7.61 (d, 1H), δ 6.10 (q, 1H), δ 4.60 (s, 1H), δ 4.004.20 (m, 2H), δ 2.20 (m, 1H), δ 1.81 (s, 3H), δ -0.20-0.70 (br, 3H); 31P NMR (D2O) δ 85.0 (br,
1P), δ -21.5 (br, 1P), δ -8.01 (br, 1P).
4.3.3.4 Phosphorylation of D4TDPαB and Enzymatic Assays
Detailed experimental procedures for phosphorylation of NDPαBs, HIV
inhibition assays, steady-state incorporation kinetics, and inhibition of HIV in cells can
be found in a dissertation by Dr. Charlotta K. Wennefors titled, “α-P-Borano ddNTP
Analogs: Substrate/Inhibitory Properties for Kinases and Polymerases and Inhibition of Wild
Type and Drug Resistant HIV Replication” (Wennefors, 2008)

4.4 Chapter Summary
The goal of these experiments ultimately was to probe the effects that an α-Pborano modification could have on existing mutagenic and chain terminating NTPs.
KP-1212-TPαB (16) was successfully synthesized from the nucleoside 12 starting
material obtained from Koronis Pharmaceuticals. Nucleoside 12 was silylated using
TBDPS-Cl and acetylated with an excess of acetic anhydride to eventually yield the 3’OAc-N4-Ac protected KP-1212 (15), which retained a free 5'-OH, in good yield.
Boranophosphate analogue 16 was synthesized using the same modified LudwigEckstein approach as in Chapter 3.
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D4TDPαB (30) was successfully synthesized from commercially available D4T
(25) nucleoside using a previously published one pot phosphorochloridite synthesis.
Ethylenediamine was used to ring-open the α-P-borano-cyclotriphosphate and
subsequently scavenge the gamma-phosphate giving the final NDPαB product. The
Natural phosphate control, D4TTP (32), and dTTPαB (34) control were synthesize using
methods mentioned in Chapter 3. α-P‒Borano modified ddNTPs were shown to be
good substrates for HIV-RT and was found to be efficacious at suppressing drug
resistance against the mutant HIV-RTs. The α-P‒borano modification was shown to
suppress HIV-RT drug resistance 31-fold versus HIV 1617-1 lysate (K70G, M184V, T69K,
V75I, F77L, F116Y, Q151M) and 17-fold versus 35764-2 (V75I, F77L, F115Y, Q151Y)
(Wennefors, 2008).
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5. Synthesis of Gemcitabine Triphosphate (dFdCTP) from
Gemzar® Drug Mixture for Polymerization with Mutant
Y639F T7 RNA Polymerase
5.1 Introduction
Gemcitabine monohydrochloride (dFdC·HCl) is currently the only FDA
approved treatment for pancreatic cancer. Even with this treatment the expected
survival rate is only 6% of patients, all stages included (2010). The gemcitabine
nucleoside is a cytidine analogue, which is di-substituted at the C2' position with
geminal fluorine groups (Figure 40). Lilly currently markets the drug form of dFdC as
Gemzar, which is a 1:1 wt/wt mixture of dFdC and the sugar alcohol D-mannitol which
causes problems within the overall scheme of our project.
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Figure 40: Structural comparison of cytidine, gemcitabine (dFdC, 35), and
gemcitabine 5'-triphosphate (dFdCTP, 42).
Project: Our goal in this project was to synthesis the triphosphate form of
gemcitabine for targeted delivery of gemcitabine to pancreatic tumor cells. We designed
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a scheme to incorporate gemcitabine into RNA that would be hybridized to a tumor
specific RNA aptamer. This would allow the dFdC to be hydrolyzed to the
monophosphate form (dFdCMP), which would bypass one of the intracellular
phosphorylation steps (see Chapter 1) that leads to the formation of the active
triphosphate form (dFdCTP, 42).
Problem: Gemcitabine triphosphate (dFdCTP, 42) would normally be a
relatively straight forward synthesis if one had a cheap and abundant supply of free
base gemcitabine nucleoside (dFdC, 35). Yet, due to exorbitant prices and scarce third
party availability at the time, due to patent issues, the synthetic approach to be
presented in (Chapter 6, 2'-F CTP synthesis) is impractical especially when considering
the overall yield of the eventual triphosphate product. The drug form of gemcitabine,
currently marketed as Gemzar® by Lilly, contains a large amount of both 35 and drug
excipients. Therefore, the first step in the synthesis of dFdCTP required the separation
of the active nucleoside 35 from its excipients. Gemzar®, consisting of 1 gram of active
35 and 1 gram of D-mannitol (36), was used as a crude starting material to generate 3'-Oacetyl-N4-acetyl-dFdC (42) for the final phosphorylation step. The challenge in this
conversion lies in the successful separation of the sugar alcohol 36 from the gemcitabine
nucleoside.
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Hypothesis: It was proposed that using normal phase chromatography (silica
gel column) would be insufficient in separating the two components due to their similar
polarities. It is also thought that the polar nature of both compounds would result in
permanent column retention. The strategy that was chosen to separate the desired drug
from D-mannitol focused on the structural differences in 35 and 36; more specifically,
the fact that 36 has two primary (1º) alcohols and the nucleoside 35 has only one (Figure
41).
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Figure 41: Location of the primary (1º) alcohols on compounds dFdC (35), Dmannitol (36), and 3'-O-acetyl-N4-acetyl-dFdC (41).
This difference was exploited by using the common bulky silane protecting
group t-butyldiphenylchlorosilane (TBDPS-Cl) in the presence of imidazole to
chemically modify both 35 and 36. This strategy to be discussed later in Scheme 14 also
accomplished two goals in one step:
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1.

The mono-substituted product 5'-O-TBDPS-dFdC (37) and the di-

substituted product 1,6-di(O-TBDPS)-D-mannitol (38) both become more lipophilic; and,
more importantly, have significantly different retention times on a silica gel column.
This allows efficient separation of gemcitabine from the drug excipients contained in
Gemzar®, which also results in the formation of a chemically useful derivative (37).
2.

The resulting silylated product 37 would be the first step in synthesizing

41 from a purer source of 35, using the method utilized throughout Chapters 3-6.

5.2 Results and Discussion
5.2.1 Synthesis of protected gemcitabine (3'-O-acetyl-N4-acetyl-dFdC)
The Gemzar drug mixture was rendered anhydrous by azeotropic removal of
water using anhydrous acetonitrile. The appropriate amount of Gemzar® (based on the
amount of free base dFdCTP, 35, and D-mannitol, 36), was reacted with an excess of
TBDPS-Cl (2.5 eq) and imidazole (2.2 eq) in anhydrous DMF at -5 ºC for 24 hours.
Under these conditions the 1º alcohols of both molecules were selectively silylated with
little or no detectable secondary (2º) alcohol silylated side products as monitored by
electrospray induction mass spectrometry (ESI-MS). ESI-MS was useful in determining
true amount of TBDPS-Cl needed that only yields the di-substituted (38, MW = 658) and
not the mono-substituted D-mannitol (36, MW = 455).
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Scheme 14: Synthesis of 3'-O-acetyl-N4-acetyl-dFdC (41)
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Converting 35 and 36 to the more non-polar 37 and 38 respectively allowed for
efficient separation via normal phase chromatography, and further characterization with
ion trap ESI-MS (see Scheme 14). The remaining synthetic steps were almost identical to
the protecting group chemistry discussed in Chapter 3 and used throughout this
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dissertation. A large excess of acetic anhydride and pyridine was reacted with purified
38 in dichloromethane overnight to yield the fully protected 5'-O-TBDPS-3'-O-acetyl-N4acetyl-dFdC (39). The overall yield with respect to the molar amount of 35 contained in
the Gemzar starting material was 53%. No TBDPS or acetyl-substituted mannitol
derivatives were detected by MS after the purification of 39.
The final challenge in synthesizing 41 was efficient removal of the TBDPS
protecting group while avoiding acetyl group migration to the 5' oxygen of gemcitabine
seen in earlier de-protection experiments (see Chapters 3). This migration and the
resulting undesired 5'-O-acetyl product 40 was observed via ESI-MS (MW = 389) when
using the common de-blocking agent TBAF. As mentioned in earlier chapters, use of
TBAF retains a very reactive 5'-oxygen species in its resulting salt that can de-acetylate
other acetyl group protected molecules. As a result of this unfortunate side effect a
milder alternative, e.g., TEA:3HF was used to remove the TBDPS group. Although the
reaction time was 10 times longer than with TBAF, TEA:3HF yielded only the desired
product 41 in very good yield (87%). Overall, 2 grams of Gemzar, equivalent to 1 gram
of gemcitabine·HCl was converted to 600 mg of pure 41 in 46% yield. Solubility issues
did arise after the relatively hydrophobic TBDPS was removed and ended up decreasing
the yield during the final chromatographic separation. Specifically, solubilizing the
crude reaction mixture containing nucleoside 41 in a minimum volume of the non-polar
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solvent (CH2Cl2 or CHCl3) for column loading was very challenging due to the polar
nature of gemcitabine. A number of ways could possibly alleviate this problem in the
future: (A) Use a more non-polar acyl protecting group for the 3'-OH and the N4-NH2
functional groups, such as benzoyl (N-, or O-Bz) or isobutyryl (N-, or O-iBu), (B) the
crude reaction mixture could be absorbed onto a portion of silica gel powder, dried, then
dry loaded at the column head.
In conclusion, the strategy presented here could potentially be used to isolate any
nucleoside-based drug from its excipients, which are usually sugar alcohols,
disaccharides, or polysaccharides, containing two or more primary alcohols per
molecule (Sastry et al., 2000). Provided the approximate drug-to-excipient ratio and the
identity of the excipients are known, it would be fairly straight forward to calculate the
necessary amount of TBDPS-Cl needed to fully silylate all primary alcohols present in
the mixture.

5.2.2 Synthesis of Gemcitabine Triphosphate
Gemcitabine triphosphate was successfully synthesized from 41 using the same
one pot phosphorochloridite method mentioned in Chapter 4, Scheme 11 (abbreviated
here in Scheme 15). After removal of the acyl protecting groups using concentrated
NH4OH, reaction solvents were removed using a rotary evaporator. The crude mixture
was purified using ion exchange chromatography, and characterized using ESI-MS
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(negative ion mode), 31P-NMR, and 1H-NMR. Final purification was carried out on
reverse phase ion-pairing HPLC under isocratic conditions. The triethylammonium salt
of purified NTP 42 was lyophilized with deionized water multiple times and stored at 20 ºC as freeze-dried solid.
For future applications, it should be relatively straightforward to likewise
synthesize the α-P-borano modified gemcitabine triphosphate (dFdCTPαB) using the
same one-pot procedure used throughout this dissertation (Chapter 3, Scheme 7).
Scheme 15: Synthesis of dFdCTP (42)
O
NH

NH2
N

N

N
O

O
1)

HO
O
F
O

F

2)
3)
4)
5)

O
(DMF / Pyr)
P
O Cl
(HNBu3)2H 2P2O7, NBu3
t -butyl hydroperoxide
TEA:H2O (3:2, v/v)
NH4OH

O

O

O

N

O

-

O P O P O P O
O-

O-

O-

O
F
OH

F

O

41

42

Overall Utility: A mutant Y639F T7 RNA polymerase, which can incorporate 2’F NTPs into RNA, was used to incorporate dFdCTP (42) into multiple sites in an RNA
sequence (gem-RNA). This gem-RNA wing was enzymatically synthesized by Dr.
Mariam L. Sharaf in our research group (Sharaf, 2011). The gem-RNA wing was
annealed to an epidermal growth factor (EGFR) aptamer, which is proposed to act as a
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vehicle for the targeted cellular delivery of polymerized gemcitabine (gem-RNA). In
this way the Shaw and White lab together hypothesized that cellular degradation
through enzymatic or chemical hydrolysis could release either the dFdCMP or
nucleoside form of the gemcitabine drug directly into nearby cancer cells. This would
increase drug specificity and decrease overall cytoxicity. The activity of this EGFR
aptamer-gem-RNA was examined in pancreatic cancer mia-Paca2 cells in collaboration
with Dr Partha Ray and Dr Rebekah White (Duke Medical School).

5.4 Experimental Procedures
5.4.1 Protection of dFdC (35)
5'-O-TBDPS-dFdC (37). 2 grams of Gemzar drug mixture (3.42 mmol of dFdC,
35, and 4.94 mmol D-mannitol, 36) along with imidazole (95.48 mmol) was dried by coevaporation with three volumes of anhydrous acetonitrile and suspended in anhydrous
DMF (30 mL) at -5 ºC. TBDPS-Cl (21.3 mmol) was added drop-wise to the mixture over
a period of 1 hour while maintaining a temperature of -5 ºC under argon. The reaction
was allowed to warm to room temperature with medium stirring for another 3 hours. A
100 μL aliquot was diluted in MeOH and injected on an Agilent ESI-MS to confirm that
only the di-substituted (38, MW = 658) and not the mono-substituted D-mannitol (MW =
455) would be present. After removing DMF by vacuum distillation, the yellow viscous
liquid was purified by silica gel column chromatography (A: CH2Cl2/B: MeOH, 0 – 8 %B)
137

to give a mixture of the desired silylated product 37 and residual imidazolium chloride
as an off-white foam. TLC showed only a single eluted spot (7% MeOH in CH2Cl2)
under UV lamp (254 nm) exposure. 1H NMR could not be obtained for the final solid
due to adulteration by excess imidazolium chloride. ESI-MS (infusion) [M - H]- m/z
calculated for C25H29F2N3O4Si 501.2, found 500.0.
5'-O-TBDPS-N4-acetyl-3'-O-acetyl-dFdC (39). A solution of the purified mixture
containing compound 37 (assumed ~3 mmol) in anhydrous dichloromethane (10 mL)
and pyridine (10 mL) was treated with acetic anhydride (52.9 mmol) and allowed to stir
overnight at room temperature. A white solid precipitated overnight so 10 mL of
pyridine was added to help solubilize any salt formation. Solvents were removed by
vacuum distillation and the resulting yellow liquid was diluted with CH2Cl2 and
washed with 10% NaHCO3 then brine. This removes any excess imidazolium chloride
contained in the crude mixture. The organic layer was dried over Na2SO4 and filtered.
The filtrate was concentrated in vacuo, and the residue was purified by silica gel column
chromatography in two steps (A: Hexane/B: EtOAc, 0 – 40 %B, then A: CH2Cl2/B: MeOH,
0 – 8 %B) to give 39 (2.01 mmol,) as a white foam in 52.9% (calculated for two steps,
assuming 1 gram starting material dFdC, 35). No D-mannitol derivatives were detected
in the final product using ESI-MS. ESI-MS (infusion) [M + H]+ m/z calculated for
C29H33F2N3O6Si 585.2, found 586.3.
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3'-O-Acetyl-N4-acetyl-dFdC (41). A solution of 39 (1.97 mmol) in anhydrous THF
(10 mL) was treated with a solution of TEA:3HF (2.17 mmol) and stirred at room
temperature for 24 hours. THF was removed in vacuo, and the colorless liquid was
purified by silica gel column chromatography (A: CH2Cl2/B: MeOH, 0 – 10 %B) to give
41 (1.72 mmol, 87%) as a white solid with an overall yield of 46%. 1H NMR (400 MHz,
CDCl3) for 41 δ 2.06 (s, 3H), δ 2.82 (s, 3H), δ 3.21 (s, 2H), δ 3.60-3.90 (dd, 2H), δ 4.05 (m,
1H), δ 5.30 (m, 1H), δ 6.20 (t, 1H), δ 7. 37 (d, 1H) δ 8.04 (d, 1H); ESI-MS (infusion) [M −
H]− m/z calculated for C13H15F2N3O6 347.1 , found 345.9.

5.4.2 Synthesis of dFdCTP (42)
Protected nucleoside 41 (0.25 mmol) was dissolved in anhydrous DMF (1.0 mL)
and anhydrous pyridine (0.1 mL) under argon. A freshly prepared solution of 2-chloro4H-1,3,2-benzodioxaphosphorin-4-one (57.0 mg) in anhydrous DMF (2.0 mL) was added
with a syringe. After 10 min (or verification with 31P NMR of 0.5 mL of reaction mixture)
tributylamine (0.2 mL) and a solution of tributylammonium pyrophosphate in
anhydrous DMF (0.75 mL, 0.5 M) were added simultaneously. The mixture was stirred
for 15 min and checked with 31P NMR. The reaction mixture was cooled to 5 ºC and four
equivalents of t-butyl peroxide (5.5 M in decane) were added over a period of 30
minutes. A ratio of 3:2 v/v of TEA:H2O was added (5.0 mL), and the mixture was stirred
for 2 hours under normal atmosphere. The fully protected dFdCTP was treated with
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concentrated NH4OH overnight and heated to 40 ºC to remove the acetate groups. The
mixture was extracted with diethyl ether; then evaporated, and finally the residue was
loaded onto an ion exchange column (Isco) packed with QA-52 resin. The column was
eluted with a linear gradient of 5 mM and 450 mM ammonium bicarbonate buffers. The
desired fraction was evaporated down to 5 mL and then lyophilized to yield the
ammonium salt. 42 was purified by reverse phase Waters HPLC under isocratic
conditions (9% methanol in 50 mM triethylammonium acetate (TEAA) buffer) with a
flow rate of 6.0 ml/min. Final purity was found to be 96.6% as determined by 31P NMR.
Overall yield was determined to be 10% after all purification steps.
dFdCTP (42). 1H NMR (400 MHz, D2O) for 42 δ 4.17 (d, 1H), δ 4.25 (dd, 2H), δ
4.50 (q, 1H), δ 6.10 (br, 1H), δ 6.20 (t, 1H), δ 7.85 (d, 1H), δ 9.30 (s, 1H); 31P NMR (121.4
MHz, D2O) δ -22.71 (br, 1P), δ -10.96 (br, 1P), δ -10.16 (br, 1P). ESI-MS (infusion) M− m/z
calculated for C9H14F2N3O13P3 503.0, found 501.8. 42 was purified on a Waters Delta 600
HPLC (including a 996 photodiode array detector) fitted with a Delta-Pak C18 cartridge
(25 X 100 mm) using isocratic conditions (91% 50 mM TEAA and 9% MeOH).

5.5 Chapter Summary
Here we demonstrated the selective derivatization and subsequent isolation of
gemcitabine (dFdC, 35) from Gemzar® drug mixture containing an equimolar amount of
D-mannitol (36). The separation of gemcitabine from D-mannitol would be nearly
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impossible due their similar polarities and high affinity to silica gel. Therefore, a
strategy was developed to exploit the structural differences between the two molecules.
Given that gemcitabine contains one primary hydroxyl group and D-mannitol contains
two, we reacted an excess of TBDPS-Cl with the drug mixture to produced a monosubstituted 5'-TBDPS-dFdC (37) and a di-substituted D-mannitol (38). These
compounds could then be separated easily via silica gel column chromatography. The
di-acetylated product 3'-O-acetyl-N4-acetyl-dFdC (41) was used to synthesize the
triphosphate form of gemcitabine (dFdCTP, 42).
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6. Synthesis of NTP and NTPαB Analogues for Enzymatic
RNA Synthesis
6.1 Introduction
6.1.1 Small Interfering RNA (siRNA) and Micro RNA (miRNA)
The discovery of small interfering RNA (siRNA) by Hamilton et al and
microRNAs (miRNA) by Lee et al, brought a new understanding of how genes are posttranscriptionally regulated in cells (Hamilton and Baulcombe, 1999; Lee and Ambros,
2001). Exogenous siRNAs are single or double-stranded RNA with 2-nt 3' overhangs
and 5’-phosphates and those occurring naturally in cells are usually derived from short
hairpin RNA (shRNA). Endogenous miRNAs are a class of short RNA strands that are
processed from pri-miRNA in the nucleus by Drosha to form the stem-loop-containing
pre-miRNA (Weiler et al., 2006) (Figure 42). The pre-miRNA is taken across the nuclear
membrane by an Exportin-5 protein (Yi et al., 2003), and processed by Dicer to produce
the mature miRNA (or siRNA) that complexes with an RNA-induced silencing complex
(RISC) (Bernstein et al., 2003). Either siRNA or miRNA can complex with RISC and then
bind to a complementary region of the target mRNA. Depending on the extent of
complementarity, the RISC-bound siRNA or miRNA can either block translation or
catalytically cleave the strand with the Argonaute (Ago) protein that is part of the
catalytic component of RISC (Rand et al., 2005). Artificially created siRNA can be
delivered via cationic lipids such a Lipofectin® in order to silence, regulate, or interfere
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with gene expression. Cell toxicity and off-target effects can sometimes be attributed to
these types of transfecting agents. Base-pairing of nucleotide sequence gives rise to high
selectivity and specificity.

Figure 42: siRNA and miRNA-induced catalytic mRNA strand cleavage or
translational interference. Figure adapted from Weiler et al (Weiler et al., 2006).
Silencing genes using artificial siRNA serves as a powerful diagnostic tool for
elucidating cellular physiological pathways including metastatic and apoptotic
mechanisms, and viral lifecycle regulation (Karagiannis and El-Osta, 2005; Lares et al.,
2010). Therapeutically, modified siRNAs could be used to effectively turn off faulty
genes, interfere with viral lifecycles, or trigger apoptosis in cancer cells (Karagiannis and
El-Osta, 2005). RNA backbone modifications, such as phosphothioate (PS) and
boranophosphate (BP), or the 2’-fluoro sugar modification (Chapter 1, Figure 5), are
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routinely used to increase the stability of oligonucleotides against ribonuclease (RNase)
degradation (Li et al., 2007), allowing for RNA therapeutics to have a longer
physiological half-life. 2'-Deoxy-2'-fluoro NTPs (2'-F NTPs) have a fluorine atom in
place of the 2'-OH group, which creates a ribose that strictly adopts the 3'-endo
conformation when incorporated into an RNA strand. This RNA-like conformation is
important when designing an siRNA strategy where the oligonucleotide must not only
avoid RNase-mediated degradation, but must also be able to hybridize well with the
target mRNA after loading into RISC. 2’-Fluoro modified RNA (2'-F RNA) has the
advantage of hybridizing strongly to natural RNA and reducing the degradation of the
RNA strand by nucleases. Additionally, RNAi activity, physiological stability, and
cellular uptake of the siRNA can be further modulated by combining sugar and
phosphate modifications.

6.1.2 RNA Synthesis
Natural and modified RNA can be synthesized chemically and enzymatically.
Enzymatic synthesis utilizing T7 RNA polymerase (T7 RNA pol) produces RNA
transcripts that better resemble RNA produced in vivo in that they bear a 5'triphosphate. Chemical synthesis using phosphoramidite-based automated synthesis
allows for the convenience of fast turnover and simplified purification using small
syringe-mounted C18 columns. Consequently final products can have traces of chemical
144

impurities that may or may not have interfering biological activities, and the
deprotected 5'-OH requires a separate series of steps to yield the 5'-phosphorylated
RNA. These relatively minor differences are overshadowed if a modified phosphate is
desired in the final RNA product such as BP, MP, or PS-RNA. Automated
phosphoramidite solid phase synthesis produces a diastereomeric mixture of RNA with
2n different stereoisomers, where n = the number of chiral phosphorus moieties.
Although some recent advances do show promise (Wada et al., 2006), a
convenient automated method that synthesizes stereo-pure phosphodiester linkages has
yet to be developed. However, enzymatically synthesized RNA using α-P-modified
NTPs produces diastereomerically pure products due to natural polymerases being
stereospecific, including bacteriophage T7 RNA polymerase (Griffiths et al., 1987). The
Rp isomers of NTPαBs have been shown by our research group to yield BP-RNA with
the Sp phosphodiester linkage only, and further, the Rp-NTPαBs are actually better
substrates for T7 RNA polymerase when compared to natural ribonucleoside 5'triphosphates (rNTPs) (Hall et al., 2004; Wan, 2005).
In this chapter we describe the current optimized procedure for the syntheses of
rATPαB, rGTPαB, rCTPαB, rUTPαB, and 2'-F CTP, which were utilized as substrates for
T7 RNA polymerase to produce stereo-regular boranophosphate backbones with regular
and 2'-fluoro-modified RNA by other lab members. The overall goal was to have
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sufficient purified rNTPαBs and 2'-F NTPs for: (a) physical characterization of Sp-borano
phosphodiester-linked RNA, and biological studies involving (b) incorporation kinetics
of Rp-ATPαB by HCV NS5B RdRP, (c) silencing of the multidrug resistant (MDR1) gene
cellular pathway, and (d) immunogenicity and toll-like receptor (TLR) activation studies
of BP-siRNA.

6.2 Results and Discussion
6.2.1 Rationale
Due to the cost of commercially available protected nucleosides, it was deemed
practical to purchase adenosine ribonucleoside (43) and devise the most efficient route
to acetylate the 2' and 3'-OH general strategy for all four nucleosides. This protecting
group strategy leaves the 5'-OH free for phosphitylation as described in Chapter 3 and
illustrated in Figure 43. Adenosine was also chosen initially due to its availability, low
cost, and the need for ATPαB for the HCV NSB5 RdRP kinetics experiment also detailed
in Chapter 3. Therefore, 2',3'-O-acetyl-N6-acetyl-adenosine (44) would be synthesized as
a precursor to the final ATPαB (51a) product.
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Figure 43: Outline for proposed synthesis of ATPαB (51a)
The exocyclic amine on the base can either be acetylated or left unprotected
since the one pot NTPαB synthesis, detailed in Chapter 3, does not require it. Exocyclic
amine de-protection does require treatment with concentrated NH4OH at a temperature
of 40 ºC, which could possibly limit yield.

6.2.2 Protection of ribonucleosides
One method of protecting a nucleoside is to use dimethoxytritylchloride (DMTCl) which selectively reacts with primary alcohols over secondary alcohols. This is a
reagent commonly used for protecting the 5'-OH of nucleosides and is removed under
acidic conditions which allows other protection of the other functional groups (2'-OH, 3'OH, or nucleobase amines) (Smith et al., 1962).
2', 3'-O-Acetyl-N6-acetyl adenosine (44) was prepared by blocking of 5’-OH with
a dimethoxytrityl (DMT) protecting group, followed by acetate (OAc) protection of 2'
and 3'-OH, and then the subsequent de-blocking of DMT with trichloroacetic acid
(TCAA) in dichloromethane (Scheme 16).
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Scheme 16: Protection of adenosine with DMT
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Due to the insolubility of adenosine in pyridine or CH2Cl2, the overall yield of the
reaction in Scheme 16 was very low (~15%), and required repeated silica gel column
purifications. A large excess of pyridine (>50 mL for a 1 mmol scale reaction) would be
required to completely dissolve the nucleoside, and it would be cumbersome to separate
out all of this excess pyridine in the final product. DMT-Cl, on the other hand, is very
soluble in both solvents, which initially creates an excessive ratio of the DMT-Cl to
adenosine in the reaction pot. This gives rise to many different products ranging from
5’-OH DMT substitution (desired) to 3', 5'-OH DMT substitution. A more efficient
method found in literature for the 2', 3'-OH protection of adenosine utilized
trimethylorthoformate as a 2',3'-OH bidentate protecting similar to isopropylidene
protection (Nahum et al., 2002). We utilized the similar triethylorthoformate in place of
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trimethylorthoformate to increase solubility of the very polar adenosine in organic
solvents (Scheme 17).
Scheme 17: Protection of adenosine with triethylorthoformate
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to remove ethoxymethylidene group.

Triethylorthoformate reacted first with either the 2' or 3'-hydroxyl group to form
a diethoxyorthoformate group, which was then attacked by the other hydroxyl to form
the ethoxymethylidene protecting group. The reaction was carried out in DMF and
under acidic conditions using p-toluenesulfonic acid (p-TsOH) to catalyze the loss of
ethanol from the orthoformate. Anionic exchange resin beads were then used to absorb
the excess acid. The mixture was separated and purified on HPFC with a silica gel
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column, and characterized by 1H NMR and Fast Atom Bombardment Mass
Spectrometry (FAB-MS).
Ultimately, the ethoxymethylidene-protected adenosine derivative 45 was not
used for the synthesis of 51a since a large amount of previously purchased 2',3'-OAc
adenosine (46a) was found. Further, the removal of the ethoxymethylidene group
requires a low pH that could perhaps degrade the eventual ATPαB product.

6.2.3 Synthesis of rNTPαBs
NTPαBs with all four bases (A, G, C, and U) were synthesized via the one-pot
phosphorochloridite synthesis described in Chapter 3 using commercially available 2',
3'-OAc nucleosides (46a, 46b, and 46d) and N4-benzoyl-2',3'-OAc cytidine (46c)
synthesized by Dr. Nadeem Hashmi, yielding the 5'-(α-P-borano)nucleoside
triphosphates 51a, 51b, 51c, and 51d (Figure 44).
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Figure 44: 2', 3'-O-acteyl protected adenosine (46a), guanosine (46b), uridine
(46d), and N6-benzoyl-2',3'-OAc-cytidine (46c) starting materials along with target
NTPαB analogues (51a − 51d)
NTPαB analogues 51a - 51d were synthesized via the same one pot synthesis
previously described in Chapter 3 with a range of yields from 27% and 30% respectively
(Scheme 18).
Scheme 18: One Pot Synthesis of ATPαB (51a) from 2',3'-O-Ac-adenosine (46a)
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6.2.4 Synthesis of 2'-F CTP
Synthesizing 2'-fluoro CTP (2'-F CTP, 61) from the commercially available 2'-F C
(53) followed a very similar strategy to the NTPαB synthesis mentioned in the previous
section. The 3'-OH and N6-amino groups were blocked to prevent excessive side
reactions during NTP synthesis following a strategy that utilized tbutyldiphenylchlorosilane (TBDPS-Cl) as the primary alcohol protecting group and
acetylation of the 3'-OH and N5-NH2 group with an excess of acetic anhydride (Scheme
19). The development of this protection scheme is discussed in Chapters 3 and 5.
Scheme 19: 3'-OH and N6-NH2 protection of 2'-fluorocytidine
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Nucleoside 53 was reacted with TBDPS-Cl in DMF in an acetone/ice bath at -5 ºC
for 30 minutes to give the 5’-O-TBDPS nucleoside product (54) in 80% yield. This was
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followed up with acetylation of 54 to produce 55 with a 76% yield, using an excess of
acetic anhydride in dichloromethane with 2-3 equivalents of pyridine to help catalyze
the reaction. 55 was deprotected with 1.0 M tetrabutylammonium fluoride (TBAF) in
anhydrous THF to give N4-acetyl, 3'-O-acetyl, 2'-fluorocytidine (56) in 69% yield. The
formation of 56 yielded various mono-acetylated side products as a result of TBAF
generating a primary oxide salt. This problem was later solved by using triethylamine
trihydrofluoride (TEA:3HF) as the fluoride source for removal of the TBDPS group (see
Chapters 3 and 5).
After drying over P2O5 under vacuum, protected nucleoside 56 was reacted with
Sal-P-Cl in anhydrous DMF and pyridine under argon for 10 minutes giving the 5'substitued nucleoside 57 (Scheme 20). TBA pyrophosphate in anhydrous DMF and
tributylamine were simultaneously added to the mixture and stirred for 15 minutes to
form the cyclic triphosphate intermediate 58. While the reaction mixture was cooled to
5 ºC, t-butyl hydroperoxide (5.5 M in decane) was added drop-wise over 30 minutes and
allowed to equilibrate to room temperature yielding the 5'-nucleoside trimetaphosphate
59. The cyclotriphosphate ring was hydrolyzed with a mixture of TEA and water for 2
hours yielding the protected NTP 60, which was then treated with concentrated NH4OH
and heated at 40 C overnight give 2'-F CTP.
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Scheme 20: Synthesis of 2'-F CTP (61)
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The evaporated mixture was purified on ion-exchange chromatography with
QA-52 packing material and ammonium bicarbonate mobile phase. The NTP was
obtained as the last eluting peak. The final product was further purified using ionpairing reverse phase HPLC. After lyophilizing with water to remove excess TEAA
salts, compound 61 was confirmed using ESI-MS, 1H NMR and 31P NMR. Total yield of
61 was determined to be 17% by UV-Vis (270 nm). The organic oxidizing agent t-butyl
peroxide provided a much milder oxidant when compared to iodine, and did not
require a sulfite to quench the excess reagent. Though the yield is somewhat low, the
conditions are mild and the only byproducts are NMP and NDP, which are easily
separated at both the ion exchange chromatography and HPLC stage.
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6.3 Experimental Procedures
6.3.1 NTPαB General Synthetic Procedure
Protected nucleoside 52a (0.5 mmol) were dissolved in anhydrous DMF (1.0 mL)
and anhydrous pyridine (0.2 mL) under argon. A freshly prepared solution of 2-chloro4H-1,3,2-benzodioxaphosphorin-4-one (114.0 mg) in anhydrous CH2Cl2 (2.0 mL) was
added with a syringe. After 10 min (or verification with 31P NMR of 0.5 mL of reaction
mixture) tributylamine (0.48 mL) and a solution of tributylammonium pyrophosphate in
anhydrous DMF (1.5 mL, 0.5 M) were added simultaneously. The mixture was stirred
for 15 min and verified by 31P NMR. 2 ml of 2.0 M BH3 in dimethyl sulfide was added,
and the stirring was continued for 30 min. The 31P NMR peaks at δ128 and δ 126 were
confirmed to have disappeared along with the formation of the broad peak at δ 86,
signaling that the reaction was complete. TEA:H2O (3:2, v/v) was added (5.0 mL), and
the mixture was stirred for 2 hours under normal atmosphere. Protected NTPαBs were
treated with NH4OH overnight (heated to 40 ºC if base protected) to remove the acetate
groups. The mixture was evaporated, and the residue was loaded onto an ion exchange
column packed with QA-52 mixture. The column was eluted with both 5 mM and 400
mM ammonium bicarbonate buffers using a linear gradient. The desired fraction was
evaporated down to 5ml and then lyophilized to yield the ammonium salt. The Rp and
Sp isomers of 52a were separated by a reverse phase HPLC (Delta Pak C18, 25 x 100 mm,
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15μm, 150 Å) under isocratic conditions (50 mM triethylammonium acetate (TEAA) and
methanol) with a flow rate of 6.0 ml/min.
ATPαB (52a). 1H NMR (D2O) δ 8.37, 8.04 (2br, 1H), δ 8.04 (s, 1H), δ 5.96 (br, 1H),
δ 4.40 (dd, 2H), δ 4.00-4.22 (m, 3H), -0.15-0.60 (br, 3H); 31P NMR (D2O) 84.20 (br, 1P, αP), -21.9 (br, 1P, β-P), -9.49 (br, 1P, γ-P). ESI-MS (infusion) M− m/z calculated for
C10H18BN5O12P3 504.0, found 503.9. The stereoisomers of 52a were separated on a on a
Waters Delta 600 HPLC (including a 996 photodiode array detector) fitted with a DeltaPak C18 cartridge (25 X 100 mm) using isocratic conditions (50 mM TEAA:MeOH, 9:1).
GTPαB, (52b). 52b was synthesized using the exact method above. 1H NMR (400
MHz, D2O) for 52b δ -0.10-1.00 (br, 3H), δ 4.20-4.40 (m, 2H), δ 4.50 (dd, 2H), δ 5.88 (d,
1H), δ 8.08 (s, 1H); 31P NMR (121.4 MHz, D2O) δ -23.2 (m, 1P), δ -11.0 (m, 1P), δ 83.0 (br,
1P). ESI-MS (infusion) M− m/z calculated for C10H18BN5O13P3 520.0, found 519.0. The
stereoisomers of 52b were separated by Mariam Sharaf and Laura Moussa.
CTPαB, (52c). 52c was synthesized using the exact method above. 1H NMR (400
MHz, D2O) for 52c δ -0.20-0.80 (br, 3H), δ 4.10-4.40 (m, 6H), δ 5.90 (m, 1H), δ 6.02 (d, 2H),
δ 7.94 (d, 1H); 31P NMR (121.4 MHz, D2O) δ -22.2 (t, 1P), δ -7.1 (d, 1P), δ 83.0 (br, 1P).
ESI-MS (infusion) M− m/z calculated for C9H18BN3O13P3 480.0, found 478.8. The
stereoisomers of 52c were separated by Mariam Sharaf and Laura Moussa.
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UTPαB, (52d). 52d was synthesized using the exact method above. 31P NMR
(121.4 MHz, D2O) δ -23.0 (m, 1P), δ -11.01 (m, 1P), δ 85.0 (br, 1P). ESI-MS (infusion) M−
m/z calculated for C10H18BN5O11P3 488.0, found 487.8. The stereoisomers of 52d were
separated by Mariam Sharaf and Laura Moussa.

6.3.2 Protection of 2'-Fluoro Nucleosides Procedure
5'-O-TBDPS-2'-Fluorocytidine (54). Commercially available (Rasayan, Inc.) 2'-F
cytidine (8.16 mmol, 53) along with imidazole (16.32 mmol) was dried over P2O5 under
vacuum and suspended in anhydrous DMF (25 mL) at -5 ºC. TBDPS-Cl (8.98 mmol) was
added drop-wise to the mixture over a period of 30 minutes while maintaining a
temperature of -5 ºC under argon. The reaction was allowed to warm to room
temperature with medium stirring for 2 hours. After removing DMF by vacuum
distillation, the slightly yellow viscous liquid was purified by silica gel column
chromatography (A: CH2Cl2/B: MeOH, 0 – 0 %B 240 mL; 0 – 3 %B, 480 mL; then 3 – 10
%B, 1200 mL) to give 54 (4.95 mmol, 61%) as white foam. ESI-MS (infusion) [M + H]+
m/z calculated for C27H34N5O4Si 483.2, found 484.0.
5'-O-TBDPS-N4-Acetyl-3'-O-acetyl 2'-fluorocytidine (55). A solution of
compound 54 (4.95 mmol) in anhydrous dichloromethane (15 mL) and pyridine (10 mL)
was treated with acetic anhydride (99.9 mmol) and allowed to stir overnight at room
temperature. Solvents were removed by vacuum distillation and the resulting yellow
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liquid was diluted with CH2Cl2 and washed with 10% NaHCO3 then brine. The organic
layer was dried over Na2SO4 and filtered. The filtrate was concentrated in vacuo, and
the residue was purified by silica gel column chromatography in two steps (A:
Hexane/B: EtOAc, 0 – 40 %B, then A: CH2Cl2/B: MeOH, 0 – 8 %B) to give 55 (3.74 mmol,
76%) as a white foam. 1H NMR (400 MHz, CDCl3) for 8 δ 1.07 (s, 9H), δ 2.04 (s, 3H), δ
2.30 (s, 3H), δ 3.78 (d, 1H), δ 4.20 (d, 1H), δ 4.30 (d, 1H), δ 5.13 (m, 1H), δ 5.26 (s, 1H), δ
6.10 (d, 1H), δ 7.20 (d, 1H), δ 7.36-7.62 (m, 10H), δ 8.61 (d, 1H); ESI-MS (infusion) [M +
H]+ m/z calculated for C29H34FN3O6Si 567.2, found 568.3.
N4-Acetyl-3'-O-acetyl-2'-fluorocytidine (56). A solution of 55 (3.00 mmol) in
anhydrous THF (15 mL) was treated with TBAF (3.3 ml of 1.0 M in THF) and stirred at
room temperature for 30 minutes. THF was removed in vacuo, and the colorless liquid
was purified by silica gel column chromatography (A: CH2Cl2/B: MeOH, 0 – 8 %B) to
give 56 (2.05 mmol, ) as a white solid with an overall yield of 69%. 1H NMR (400 MHz,
(CD3)2SO) for 56 δ 2.11 (s, 3H), δ 2.20 (s, 3H), δ 3.70-3.98 (dd, 2H), δ 4.27 (d, 1H), δ 5.30
(m, 1H), δ 5.45 (t, 1H), δ 6.04 (d, 1H) δ 7.28 (d, 1H), δ 8.47 (d, 1H) δ 10.78 (br, 1H); ESI-MS
(infusion) [M − H]− m/z calculated for C13H16FN3O6 329.1, found 327.9.
3'-O-acetyl, 2'-fluorouridine (63). 63 was synthesized using the exact method
above with an overall yield of 56%, starting with 2'-fluorouracil (62). 1H NMR (400 MHz,
CDCl3) for 16 δ 2.03 (s, 3H), δ 2.53 (s, 3H), δ 3.60-3.90 (dd, 2H), δ 4.17 (d, 1H), δ 5.12 (m,
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1H), δ 5.60 (d, 1H) δ 5.95 (dd, 1H), δ 7.79 (d, 1H); ESI-MS (infusion) [M − H]− m/z
calculated for C11H13FN2O6 288.1, found 287.0.

6.3.3 2’-F NTP Synthetic Procedure
Protected nucleoside 56 (0.25 mmol) were dissolved in anhydrous DMF (1.0 mL)
and anhydrous pyridine (0.1 mL) under argon. A freshly prepared solution of 2-chloro4H-1,3,2-benzodioxaphosphorin-4-one (57.0 mg) in anhydrous DMF (2.0 mL) was added
with a syringe. After 10 min (or verification with 31P NMR of 0.5 mL of reaction mixture)
tributylamine (0.2 mL) and a solution of tributylammonium pyrophosphate in
anhydrous DMF (0.75 mL, 0.5 M) were added simultaneously. The mixture was stirred
for 15 min and verified by 31P NMR. The reaction mixture was cooled to 5 ºC and four
equivalents of t-butyl peroxide (5.5 M in decane) were added over a period of 30
minutes. A ratio of 3:2 TEA:H2O was added (5.0 mL), and the mixture was stirred for 2
hours under normal atmosphere. Protected NTPs were treated with NH4OH overnight
(heated to 40 ºC if base protected) to remove the acetate groups. The mixture was
extracted with diethyl ether; then evaporated, and finally the residue was loaded onto
an ion exchange column packed with QA-52 resin. The column was eluted with both 5
mM and 500 mM ammonium bicarbonate buffers using a linear gradient. The desired
fraction was evaporated to 5 mL and then lyophilized to yield the ammonium salt. 61
was purified by reverse phase HPLC under isocratic conditions 50 mM TEAA and
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MeOH with a flow rate of 6.0 ml/min. 2'-F CTP (61).

31

P NMR (121.4 MHz, D2O) δ -22.01

(br, 1P), δ -10.90 (br, 1P), δ -10.10 (br, 1P). ESI-MS (infusion) M− m/z calculated for
C9H15FN3O13P3 485.0, found 483.9. 61 was purified on a Waters Delta 600 HPLC
(including a 996 photodiode array detector) fitted with a Delta-Pak C18 cartridge (25 X
100 mm) under isocratic conditions (91% 50 mM TEAA and 9% MeOH).

6.4 Chapter Summary
rATPαB, rGTPαB, rCTPαB, and rUTPαB were synthesized from commercially
available 2',3'-diacetyl nucleoside starting material using a modified Ludwig-Eckstein
one-pot phosphorochloridite approach that utilizes BH3:SMe2 complex in place of iodine
during the oxidation step. 2'-F CTP was synthesized from 5'-O-TBSPS-3'-OAc-2'-F-C
starting material using a similar approach, except that t-butyl hydroperoxide was used
to oxidize the cyclotriphosphate (PIII) intermediate in place of iodine (see Chapter 3).
These NTP analogues were synthesized as precursors to be used for the T7 RNA
polymerase-mediated synthesis of siRNA by other lab members. This BP-siRNA was
then used in subsequent testing in cell culture to investigate downregulation of the cell
surface P-glycoprotein (P-gp), and to clarify whether the effect is immunostimulatory- or
RNAi-based (Sharaf, 2011). P-gp, produced by the MDR1 gene, is over expressed in
multidrug resistant (MDR) malignant tumor cells. Additionally, the immunogenicity of
a boranophosphate-modified GU-rich sequence from the U5 region of HIV-1 RNA
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(ssRNA40) was tested in a cytokine ELISA assay versus natural RNA and PS-RNA to
elucidate the immunostimulatory effects of BP-RNA (Sharaf, 2011). Enzymatic synthesis
of all RNA was performed by Dr. Mariam L. Sharaf. Cell culture MDR1 downregulation
assays were performed by Dr. Mariam L. Sharaf in collaboration with Mike Fisher in
Professor Juliano’s Lab (UNC-Chapel Hill), and ssRNA40 cytokine ELISA assays were
performed by Dr. Mariam L. Sharaf in collaboration with Dr Jaewoo Lee and Dr. Bruce
Sullenger (Duke University Medical School, Durham, NC).
From this work it was clear that stereopure Sp-BP-RNA can be synthesized from
Rp-NTPαBs in sufficient quantities to be utilized in biological systems for possible RNAibased biological and therapeutic applications. It is also feasible to scale-up these
synthetic procedures as needed.
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Appendix I
Velocity curves fit to a competitive mechanism for 2'-O-Me ATP. (A) Hyperbolic
and (B) qualitative double reciprocal Lineweaver-Burk plots.
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Appendix II
Velocity curves fit to a competitive mechanism for 3'-dATP. (A) Hyperbolic and
(B) qualitative double reciprocal Lineweaver-Burk plots.
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Poster Presentations
Gordon Research Conference: Nucleosides, Nucleotides & Oligonucleotides, Salve
Regina University, Newport, RI, July 5, 2009. Abstract title: “Synthesis and properties of (αP-borano)nucleoside 5'-triphosphate analogues as potential antiviral agents”
Fifth Annual Center For Aids Research (CFAR) Fall Scientific Retreat, Duke
University, September 29, 2009. Abstract title: “Synthesis and properties of antiviral (α-Pborano)nucleoside 5'-triphosphates.”
Gordon Research Conference: Nucleosides, Nucleotides & Oligonucleotides, Salve
Regina University, Newport, RI, July 3, 2011. Abstract title: “Inhibition of Hepatitis C Viral
NS5B RNA-dependent RNA polymerase by α-P-boranophosphate modified canonical and noncanonical chain terminating adenosine triphosphate analogues.”
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