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1. Introduction

ABSTRACT

Improved treatments for chronic HCV infections remain a challenge, and new chemical strategies are
needed to expand the current paradigm. The HCV RNA polymerase (RdRP) has been a target for antiviral
development. For the first time we show that the boranophosphate (BP) modification increases the sub-
strate efficiency of ATP analogs into HCV NS5BA55 RdRP-catalyzed RNA. Boranophosphate nucleotides
contain a borane (BH3) group substituted for a non-bridging phosphoryl oxygen of a normal phosphate
group, resulting in a class of modified isoelectronic DNA and RNA mimics capable of modulating the read-
ing and writing of genetic information. We determine that HCV NS5BA55, being a stereospecific enzyme,
incorporates the R, isomer of both ATPaB and the two boranophosphate analogs: 2’-O-methyladenosine
5’-(o-P-borano) triphosphate (2’-OMe ATPaB, 5a) and 3’-deoxyadenosine 5-(o-P-borano) triphosphate
(3'-dATPaB, 5b). The R, diastereomer of ATPaB (6), having no ribose modifications, was found to be a
slightly better substrate than natural ATP, showing a 42% decrease in the apparent Michaelis-Menten
constant (K,). The ICsq of both 2’-O-Me and 3’'-deoxy ATP was decreased with the boranophosphate mod-
ification up to 16-fold. This “borano effect” was further confirmed by determining the steady-state inhib-
itory constant (K;), showing a comparable potency shift (21-fold). These experiments also indicate that
the boranophosphate analogs 5a and 5b inhibit HCV NS5B through a competitive mode of inhibition. This
evidence, together with previous crystal structure data, further supports the idea that HCV NS5B (in a
similar manner to HIV-1 RT) discriminates against the 3’-deoxy modification 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. To
our knowledge, these data represent the first time a phosphate modified NTP has been studied as a sub-
strate for HCV NS5B RdRP.

© 2013 Elsevier B.V. All rights reserved.

HCV is a positive strand RNA virus containing a genome of
approximately 9.6 kb (Takamizawa et al., 1991). During the last

Hepatitis C virus (HCV) is known to persistently infect 170 mil-
lion 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 primary FDA approved treatment for
HCV infection involves a combination of ribavirin and pegylated
interferon o2b, which is approximately 40-80% effective depend-
ing on viral genotype (Fried et al., 2002). Protease inhibitors Boce-
previr or Telaprevir can be added to improve antiviral response for
hepatitis C genotype 1 (Ghany et al., 2011).
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decade, the nonstructural protein 5B (NS5B), an RNA dependent
RNA polymerase (RdRP) that is responsible for genome replica-
tion, has become an attractive target for nucleoside based inhib-
itors (Behrens et al., 1996; Lohmann et al., 1997; Penin et al,,
2004; Powdrill et al., 2010; Sofia et al., 2011). Current literature
has revealed a variety of sugar-modified chain terminating
nucleosides that target the HCV NS5B 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, 2003; Deval et al.,
2007; Mosley et al., 2012; Murakami et al., 2007; Olsen et al.,
2004; Shim et al., 2003). Due to the similarities between the palm
domains of human immunodeficiency virus reverse transcriptase
(HIV-RT) and that of HCV NS5B RdRP, and the success of chain
terminating nucleoside reverse transcriptase inhibitors (NRTIs)
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targeting HIV-RT (Bressanelli et al., 1999; De Clercq, 2009), it is
not surprising that nucleoside-based NS5B inhibitors are being
heavily investigated.

Of particular interest to our group is understanding the effects
that 5'-(a-P-borano) nucleoside triphosphates (NTPaBs) can exert
on viral polymerase activity (Fig. 1).

The boranophosphate modification, where one non-bridging o~
phosphate oxygen is replaced by a borane group (BHs), confers un-
ique properties to ribonucleoside triphosphates (NTPs). Specifi-
cally, borane contains a less electronegative boron (2.04) in
comparison to oxygen (3.44), and would rather occupy the equato-
rial position in a trigonal bipyramidal complex during SN,-like
nucleophilic substitutions (i.e. BH3 would have lower apicophilici-
ty than oxygen) (Sood et al., 1990; Thatcher and Campbell, 1993).
This lower apicophilicity is important considering that RNA poly-
merases purportedly facilitate the addition of NTP’s to a growing
strand via a trigonal bipyramidal transition state (Brautigam and
Steitz, 1998). The BH3 group of an R,-NTPaB involved in this tran-
sition state would likely not interact with Mg?*, and therefore not
interfere with the inline attack coordinate along the two apical
bonds. Additionally, as hypothesized by our lab and others, the
pyrophosphate (PPi) group on an NTPaB would be a more efficient
leaving group compared with natural NTPs, due to more electron
density on the a-phosphorus. Furthermore, the remaining non-
bridging a-P-oxygen on the NTPaB should retain more electron
density and coordinate more strongly to metal ions (Mg?* or
Mn?*) in the polymerase active site (Deval et al., 2005; Summers
et al., 2001). Therefore, we proposed that the unique chemistry
of boranophosphates might increase the efficacy of chain terminat-
ing nucleotide incorporation into RNA by HCV polymerase
(NS5BA55).

NTPaBs have been shown to be efficient and selective sub-
strates for wild-type (wt) and, to a greater extent, drug-resistant
viral reverse transcriptases (Li et al., 2007; Shaw et al., 2003).
The R, stereoisomer of ddCTPaB was shown to be incorporated
into drug-resistant MMLV RT 28-fold more efficiently than ddCTP
(Dobrikov et al., 2003). Additionally, against drug-resistant HIV-1
RT, the R, stereoisomer of AZTTPaB, D4TTPuB, and ddATPaB all
exhibited dramatic increases in potency when compared to natural
phosphate controls (Deval et al., 2005; Meyer et al., 2000; Selmi
et al., 2001).

Here we investigated, for the first time, the inhibition of HCV
NS5B RdARP by two new a-P-borano modified nucleotide analogs:
2’-O-methyladenosine 5’-(a-P-borano) triphosphate (2’-OMe AT-
PaB, 5a) and 3’-deoxyadenosine 5-(a-P-borano) triphosphate (3'-
dATPaB, 5b) (Fig. 2). Following the synthesis, purification, and
characterization of the R, and S, diastereomers of both nucleotides,
the inhibitory concentration 50% (ICso) and steady state inhibition
constant (K;) were determined and compared to the non-boronated
controls. Additionally, we studied the steady state kinetics of AT-
PaB (6) incorporation to further characterize the effect of this un-
ique boron modification.
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Fig. 1. Generic structure of 2'-deoxy-NTPoB (R = H) or ribo-NTPaB (R = OH) with R,
S stereochemistry on the a-phosphorus.

2. Materials and methods
2.1. Materials

HCV NS5BA55 and heteropolymeric RNA template (t500) were
generously provided by Merck & Co., Inc. The t500 RNA template
was generated via runoff transcription as previously described
and corresponds to base numbers 3504-4004 of the BK genome
(Carroll et al., 2000; Takamizawa et al., 1991). HCV (BK strain)
NS5BA55 was expressed in Escherichia coli BL21(DE3) harboring
plasmid pT7(NS5BA55) and purified as previously described (Car-
roll et al., 2003). All natural NTPs were purchased from Promega. 2’
and 3’-modified nucleosides were purchased from Berry’s and
Associates. 2’ and 3’-modified NTP controls were purchased from
Trilink. ATPoB was synthesized and purified as previously de-
scribed (He et al., 1998). UV spectra were obtained on a Nanodrop
UV apparatus. NMR spectra were recorded on a Varian-Inova 400
spectrometer, and chemical shift values (§) are relative to tetra-
methylsilane (TMS) for 'TH NMR or H5PO, for 3!P NMR. All other re-
agents were available from Sigma-Aldrich, Acros, or Ambion. The
detailed synthesis of ATP analogs 2’-OMe ATPaB (5a) and 3'-dAT-
PaB (5b) can be found in supplementary material.

2.2. Steady-state kinetics using t500 RNA Template

Unless otherwise noted, NS5BA55-catalyzed reactions con-
tained 25 nM or 75 nM NS5BA55 in a 20 pL reaction consisting
of 90 nM t500 RNA template, 20 mM Tris, pH 7.5, 80 mM KClI,
4 mM MgCl, 5 mM DTT, 0.4 unit/pL RNasin (Promega), 0.2% poly-
ethylene glycol 8000, 50 pM EDTA; 1 uM NTPs (ICso determina-
tion), or ATP was varied and 100 uM GTP, CTP, ~1-2 uCi of
[0-33P]UTP and 10 uM UTP (K; determination). RNA template was
preincubated for 30 min in the reaction stock and then added to
the NTP mixture pre-aliquoted into a 96-well plate to initiate the
reaction. At the desired time point, the reactions were quenched
with 0.5 M EDTA and aliquots were spotted onto Whatman DE-
81 25 mm filter disks. After drying, the filters were washed in
0.3 M ammonium formate buffer five times for 10 min. Spotted un-
washed 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 ini-
tially performed.

2.3. Data analysis

All data was analyzed using Graphpad Prism 5 software. The
inhibitor concentration which reduces the polymerase activity to
50% (ICsp) was determined using the Hill equation, Y = %Min + (%-
Max-%Min)/(1 + 10ULo8IC, ~X)HillSlope)y \yhere Y s the percent en-
zyme activity, X is the Logqo of inhibitor concentrations, and
%Min and %Max are the bottom and top asymptotes respectively
with the same units as Y. IC5q values were determined by a mini-
mum of three independent experiments. The apparent Michaelis—
Menten constant (K;,) and maximum velocity (V,ax) values for nat-
ural NTPs and ATPaB were calculated by fitting data to the Henri-
Michaelis-Menten hyperbolic equation, Y = V,x+ X/ (K, + X) where
Y is the initial velocity of RNA synthesis, and X is the NTP concen-
tration in pM. The steady-state inhibition constant (K; in uM) of
each inhibitor was calculated by nonlinear fitting of data to the fol-
lowing equations (assuming a competitive mechanism): Y = Vi«
*X[(KnObs +X) and K;,,Obs = Kx(1 +[I]/K;) where [I] is the
concentration of the inhibitor in uM, and X is the concentration
of ATP in pM. K; values were determined by a minimum of three
independent experiments. Lineweaver-Burk plots are shown for
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Fig. 2. Structures of the R, diastereomers of 2'-OMe ATPaB (5a), 3'-dATPaB (5b), ATPaB (6), along with ATP showing an achiral a-phosphorus.

qualitative purposes only. The K; for each compound was initially
approximated using the Cheng-Prusoff equation, K;=ICsg/
(1 +[ATP]/Ky,), where [ATP] is the concentration of ATP in the
dose-dependent experiments (1 pM) (Cheng and Prusoff, 1973).
The concentration of inhibitor in the competitive inhibition assays
was set at approximately 10K; and then serially diluted to span the
initially calculated Cheng-Prusoff K;.

3. Results
3.1. Synthesis of NTPaBs
The syntheses of 2’-OMe ATPaB (5a) and 3’-dATPaB, (5b) are

shown in Fig. 3. Commercially available nucleosides 1a and 1b
were converted to the acetylated derivatives N*-acetyl, 3'-O-acetyl,
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2'-0-methyladenosine (4a) and N*-acetyl, 2’-O-acetyl, 3’-deoxya-
denosine (4b), respectively, via silylation of the 5-hydroxyl with
tert-butyldiphenylchlorosilane (TBDPS-CI) in the presence of imid-
azole in DMF to give 2a or 2b, followed by acetylation of the exo-
cyclic amine and the remaining secondary sugar hydroxyl with an
excess of acetic anhydride in pyridine and CH,Cl, to give 3a or 3b.
The 5'-O-TBDPS group was removed using TEA-3HF in THF over-
night to give 4a or 4b in 66% and 56% yield respectively. TEA-3HF
provided a much less reactive fluoride source than the traditional
tetrabutylammonium fluoride (TBAF) deblocking reagent, produc-
ing fewer byproducts, and increasing the overall yield (Westman
and Stromberg, 1994).

NTPaB analogues 5a, 5b and ATPaB (6) were synthesized via a
one pot synthesis previously developed by our lab in 27% and
30% overall yield, respectively (He et al., 1998). Alterations to the
original synthesis include: the use of borane-dimethylsulfide com-
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Fig. 3. Synthesis of ATPuB analogs. Reagents: (a) TBDPS-Cl, imidazole, DMF, —5 °C; (b) acetic anhydride, pyridine, CH,Cl,; (c) TEA-3HF, THF; (d) 2-chloro-4H-1,2,3-
benzodioxaphosporin-4-one, 0.5 M tributylammonium pyrophosphate, tributylamine, 2.0 M SMe,-BH3 in THF; (e) TEA:H,0 (3:2); (f) NH4OH, 50 °C.
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plex (SMe,-BH3) during the boronation step in place of borane-
diisopropylethylamine complex (DIPEA-BH3), and a 3:2 mixture
of triethylamine and water for the hydrolysis step instead of aque-
ous ammonium hydroxide (NH30H). Both procedural modifica-
tions cut the reaction times significantly and did not significantly
affect the yields. Stereoisomers of 5a, 5b, and 6 were each sepa-
rated and purified using reverse phase HPLC (under ion pairing
conditions) and isolated as the triethylammonium salt. For a more
detailed accounting of the NTPaB synthetic procedure see the sup-
plementary material section.

3.2. NS5BA55 prefers the R, stereoisomer

To understand how NTPaB analogs 5a and 5b might affect HCV
NS5B-catalyzed RNA chain elongation, a standard in vitro RNA filter
binding assay was utilized where a 500 nucleotide heteropolymer-
ic RNA template (t500) produces a hairpin product via a copy-back
mechanism (De Francesco et al., 1996). Chain elongation was quan-
tified by measuring the incorporated [o->*P]JUTP by spotting ali-
quots of the reaction mixture onto cationic DE-81 filter disks,
which retain only the radiolabeled elongated RNA products after
washing with ammonium formate buffer (Behrens et al., 1996;
Bryant et al., 1983; Carroll et al., 2000). The NS5BA55-catalyzed
product formation followed a typical biphasic time course includ-
ing a burst phase followed by a slower linear phase (Fig. 4).

To visualize the RNA products formed during a typical enzy-
matic reaction, selected reaction mixtures containing: 100 nM
NS5BA55, 100 nM t500 RNA template, with 500 uM ATP, CTP,
and UTP and 10 pM GTP and 5 pCi of [o->2P]GTP, in RARP buffer
were incubated for 45 min and quenched with 0.5 M EDTA. An ali-
quot was then diluted with formamide running buffer, loaded onto
a 5% polyacrylamide gel (PAGE) containing 8 M urea, and imaged
on a phosphorimager followed by ethidium bromide visualization
(supplementary material, Fig. 1). The RNA template and product
sizes were compared with RNA standards of known lengths. The
PAGE gel of the reaction mixture confirmed that the copy-back
product, running at approximately the same rate as a ~200 nt
RNA strand, was the major product formed from the 500 nt tem-
plate. 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).

The steady-state constants for each of the four natural NTPs
(Fig. 5) 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 re-
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Fig. 4. Arepresentative biphasic time dependent reaction progress curve showing a
steady-state region beginning at approximately 20 min. NS5BA55-catalysed reac-
tion carried out using 100 nM t500 RNA template with 10 uM UTP, 100 uM ATP,
GTP and CTP as described in the material and methods Section 2. 2. Many such time
courses were performed and generated an optimal linear region between 20 and
90 min as shown here.

gion of the time course. The other three NTPs were held at concen-
trations above their respective K, values, which were determined
through multiple reiterations. Additionally, the steady-state
constants for R,-ATPaB (6) were determined using the same condi-
tions as above (Fig. 6).

As seen in Table 1, catalytic efficiency (kcat/Kin) of each NTP sub-
strate implies that HCV NS5BA55 selectivity follows the trend:
CTP > UTP > GTP > R,-ATPoB (6) > ATP, where CTP is the best and
natural ATP is the worst substrate respectively. The S, isomer of
ATPaB was found not to be a substrate of HCV NS5BA55.

3.3. Inhibition of NS5BA55 RdRP chain elongation

HCV NS5B mediated RNA synthesis in the presence of R,-2'-
OMe ATPaB, 5a and R,-3’-dATPaB 5b was measured using the
same DE-81 filter-binding assay utilized in the previous section.
Single concentration inhibition experiments were performed ini-
tially to determine if one or both stereoisomers of 5a and 5b could
in fact inhibit RNA synthesis. This experiment was run parallel to
the normal phosphate controls set to the literature inhibitory con-
centrations that yield 50% polymerase activity (ICsq) values of
50 uM and 22 pM for 2'-OMe ATP and 3’-dATP, respectively (Olsen
et al,, 2004). Only the R, stereoisomer of 5a and 5b showed any
inhibitory activity when compared with the normal phosphate
controls (data not shown). Furthermore, a much lower concentra-
tion of the R, isomer of both 5a and 5b was required to inhibit HCV
NS5B as compared to the experimental controls. The next step was
to evaluate the inhibitory potency of 5a and 5b versus their natural
phosphate forms in a dose-dependent experiment. All four NTPs
were held at a concentration of 1 uM with a reaction time of
45 min. The HCV NS5BA55-catalyzed RNA product formation was
determined by measuring the total incorporation of a radiolabeled
nucleotide ([o->3P]GTP) in the presence of increasing inhibitor con-
centration. The data was fitted to a four-parameter Hill equation,
and the R, isomer of both 5a and 5b reduced the rate of NS5B-cat-
alyzed RNA synthesis. The Hill plots of percent polymerase activity
(% Pol Activity) versus inhibitor concentration are shown in Fig. 7.

All curves generated Hill slopes close to —1 indicating no coop-
erativity. The stereospecificity of NS5B was further confirmed since
the S, isomer of 5a and 5b did not reduce polymerase activity by
any appreciable amount. When compared to the natural phosphate
controls, 5a and 5b exhibited potency shifts of 3.4 and 16-fold
respectively, confirming that the Rj,-a-P-BH; modification en-
hances the inhibitory properties of both analogs (Table 2).

3.4. NTPuB inhibitors retain a competitive mode of inhibition

Since the boranophosphate modification changes both the
structural and electronic properties of a nucleoside triphosphate,
it was feasible that an NTPaB could bind to the enzyme or en-
zyme-template complex at a location other than the active site.
Such allosteric-type binding could lead to a mixed mode of inhibi-
tion, combining aspects of competitive and uncompetitive inhibi-
tion. However, one could reasonably deduce that 5a and 5b
exhibit a competitive mode of inhibition, since ATPaB (6) success-
fully replaced ATP during NS5B-catalyzed RNA synthesis.

To determine if the o-P-BH3 modification changes the mode of
inhibition of 2’-0O-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 respec-
tive K, 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 base-
line. The inhibition constant (K;) was determined by nonlinear fit-
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Fig. 5. Steady-state velocity curves of multiple nucleotide incorporations. Steady-state parameters were derived by non-linear fitting of data to the Henri-Michaelis-Menten
equation. Rates were determined by measuring the dependence of incorporation of A) ATP (n =7), B) GTP (n = 3), C) CTP (n = 2), and D) UTP (n = 2). [a->*P]-labeled UTP was
used to measure the velocities of ATP and GTP, and [o->3P]-labeled GTP was used to measure the velocities of CTP and UTP.

o 015
5 0.124 NH2
3 SN
8 . g - Q. BHy 4
g 009 —~ R,-ATPuB Y <N | 7
S 0.06 = S,-ATPaB o
B 4
g 1 6
g 003 OH OH
> 0.00 — Rp-ATPaB

0 10 20 30 40

NTP (uM)

Fig. 6. Steady-state velocity curve of R,-ATPaB (6) incorporation (n = 3). Data is shown for S,-ATPaB indicating a lack of substrate recognition. Steady-state parameters were
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Table 1

Steady-state parameters determined for R,-ATPoB compared to NTP controls.
Nucleotide Kin (UM) Kear (min~1) keat/Km s?
Rp-ATPaB, 6 (n=4) 1.17£0.23 0.111 £0.037 0.095 1.7
ATP (n=10) 2.03£0.395 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 -

2 Selectivity value is the ratio of catalytic efficiencies (kcat/Km) of modified NTP
analogues to the natural NTP. Values greater than 1 indicate that the enzyme
prefers the nucleotide analogue over the natural substrate.

ting of data from parallel experiments run at differing inhibitor
concentrations as described in the material and methods Sec-
tion 2.4 (Fig. 8).

Reactions were run parallel with natural phosphate controls
(see supplementary material Fig. 2), and the K; for each compound
was determined from the mean of at least three independents
experiments (Table 3). Lineweaver-Burk double-reciprocal plots
(Fig. 8) qualitatively confirm a competitive mode of inhibition by
showing convergent maximum velocities (y-intercepts) at different
inhibitor concentrations. The K; values determined for both 5a and
5b show a similar trend in potency shift as the IC5q data when com-
pared to the natural phosphate controls. The data also show that
the enzyme discriminates against all of the ATP analogues (Ki/
Ky > 1) when compared with natural ATP, except in the case of
5b (Ki/Km = 0.43). Overall the data seem to imply that the R,-a-P-
BH3 modification intrinsically increases the catalytic efficiency of
both types of sugar modified NTP’s. The difference in the potency
shifts of 5a (5.2-fold) and 5b (21-fold) seems to correlate to the
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Fig. 7. Dose-dependent Hill plots showing inhibition of NS5BA55 in the presence of 1 uM NTPs. (A) R,-2'-O-Me ATPaB, 5a, and control, (B) R,-3'-dATPaB, 5b, and control. All

curves generated Hill slopes close to —1 indicating no cooperativity.

Table 2

Inhibitory concentration 50% (ICs¢) of NTPaBs and NTP controls (n = 3).
Inhibitor ICsp (UM) Potency Shift®
Rp-2'-0-Me ATPaB, 5a 18.0+£3.6 34
2'-0-Me ATP 60.7 £ 8.5 -
Ry-3'-dATPaB, 5b 1.31+£0.02 16
3'-dATP 204+0.8 -

2 Potency shift is the ratio of the ICs, of the normal phosphate control divided by
the ICso of the NTPaB inhibitor.

presence or absence of the ribosyl 3’-OH group. Substitution of a
non-bridging o-phosphoryl oxygen with a BHs group exerts a four-
fold greater potency shift when combined with the 3’-deoxy sugar
modification as compared to 2’-O-methyl modification.

4. Discussion

We investigated, for the first time, the inhibition of HCV NS5B
RNA-dependent-RNA polymerase by boranophosphate: R,-2'-
OMe ATPaB (5a) and Ry,-3'-dATPaB, (5b). Knowing that the borano-
phosphate modification increased the incorporation of dideoxy
nucleotides into HIV-1 RT (Li et al., 2007; Meyer et al., 2000), we
proposed that a similar type of inhibition would occur with HCV
NS5B polymerase. For HIV-1 RT, the role played by the 3'-OH of
the incoming NTP for the proper positioning of the nucleotide in
the active site, is well established (Selmi et al., 2001). Chain termi-
nators lacking a 3’-OH bind to HIV-1 RT less efficiently (high Kj)
due to a loss of the sugar hydroxyl interactions with proximal cat-
ionic and hydrogen-bonding residues in the active site. (Dobrikov
and Shaw, 2005; Selmi et al., 2001). One could expect that this
structure-activity correlation may apply to HCV NS5B because of
its shared homology with HIV-1 RT.

R,-3’-dATPaB (5b) was found to be a better substrate than even
the natural ATP for HCV NS5BA55 polymerase. This is exhibited by
an apparent affinity ratio (Ki/Ky (ATP)) of less than unity (Ki/
K = 0.43). The boranophosphate substitution on 5b reduced the
penalty of removing the 3'-OH group from ATP by 21-fold. Further,
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 on 5a reduced this penalty by
only 5.2-fold compared to the 21-fold greater recovery in the
aforementioned case of the 3’-deoxy sugar modification. Since a
3’-OH is present on 2’-OMe ATP, this would imply that the borane
group is helping through another mechanism. Perhaps the bulki-
ness of the methoxy group at the 2’ position disrupts hydrogen-
binding interactions within in the active site of the enzyme,
whereas the BH3 substitution allows for tighter binding to the cat-
alytic Mg?* ions. 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, and it is thought to occupy a sim-
ilar position when NS5B is actively synthesizing RNA (Bressanelli
et al,, 2002; O’Farrell et al., 2003). One other important observation
from the HCV NS5B crystal structure is the possible intramolecular
interaction between a non-bridging pyrophosphate oxygen and 3'-
OH of the bound UTP. As with the case of HIV (Selmi et al., 2001),
disruption of this interaction via the removal of 3'-OH could reduce
the ability for the enzyme to complete the catalytic step (Eldrup
et al., 2004).

Shim et al. also studied the inhibitory properties of 3’-deoxy
NTPs (N=A, G, C, or U) versus HCV NS5B (Shim et al., 2003), but
they used a different RNA template and polymerase elongation as-
say than in our study. Depending on the nucleobase, their apparent
affinity ratios (Ki/Ky, (NTP)) ranged from 2-25, indicating that lack
of a 3'-OH (e.g. 3'-deoxy) could affect the apparent binding of the
nucleotide to the E-T complex. With this in mind, they obtained a
lower apparent affinity ratio value for 3'-dATP (Ki/Km(atp)=2.3)



150 M.A. Cheek et al./Antiviral Research 98 (2013) 144-152

0.154

Vo (pmol UMP/pmol E*min)

—e— No Inhibitor

-¥- 7.80 pM R,-2'-OMe ATPa.B
~a- 31.3 pM R,-2'-OMe ATPa.B
-a- 125 uM R,-2-OMe ATPaB

Vo (pmol UMP/pmol E*min)

60

[ATP] (uM)!

—e— No Inhibitor

-&- 0.6 uM R,,-3-dATPaB
~¢- 2.5 M R,-3-dATPa.B
—+- 10 pM R,,-3-dATPoB

60

1/[ATP] (M)

Fig. 8. Velocity curves fit to a competitive mechanism for (A) R,-2'-0-Me ATPoB, 5a and (B) R,-3'-dATPaB, 5b. Reactions were run parallel with natural phosphate controls
and the K; for each compound was determined from the mean of at least three independents experiments. Inset graphs are Lineweaver-Burk double-reciprocal plots showing

convergent maximum reaction velocities (y-intercept).

Table 3

Inhibition constant (K;) determined for ATPaB inhibitors 5a, and 5b compared to NTP controls.

Nucleotide Ki (uM) K (ULM) Ki/Km(ATP) Potency Shift?
Rp-2'-0-Me ATPaB, 5a (n = 3) 103 £1.41 - 5.07 52

2'-0-Me ATP (n =3) 53.4+2.80 - 26.3 -
Rp-3'-dATPoB, 5b (n =4) 0.882+0.219 - 0.43 21

3'-dATP (n =3) 18.7+29 - 9.21 -

ATP (n=10) - 2.03+0.395 - -

¢ Potency shift is the ratio of the inhibition constant (K;) of the normal phosphate control divided by the K; of the NTPaB inhibitor.

than our experiments (Ki/Km(atpe) = 9.2). Interestingly enough, their
single nucleotide incorporation assay, which more resembles de
novo initiation than elongation, yielded much higher K, values,
ranging from 67 to 250 uM for the natural NTPs and lower appar-
ent affinity ratios (0.8-1.6) showing less 3’-deoxy discrimination.
This may indicate that the type of RNA template and assay used
can affect how the enzyme discriminates between natural nucleo-
tides and nucleotide analogs.

The type of total nucleotide incorporation assay used in our
study shows the global effects of an inhibitor on RNA elongation
in a system where the rate-limiting step is thought to be the disso-
ciation of the enzyme from the full length product. The inhibitor
most likely competes with all four natural NTPs at multiple sites
in the genomic RNA, giving results that more closely resemble
the virus’ natural replicative process. To determine the actual bind-

ing constant (Kg), and polymerization rate constant (ko) of an
incoming NTP, single nucleotide incorporation under pre-steady-
state conditions would have to be utilized (Jin et al., 2012; Powdrill
et al,, 2011).

The effect of this a-P-BH3 substitution on the kinetics of NS5B-
catalyzed RNA chain elongation appears to increase the catalytic
efficiency of both ATP and sugar-modified ATP analogues. This rate
enhancement is likely due to a number of electronic and steric ef-
fects resulting from the borane group substitution: (a) the lower
electronegativity of boron relative to oxygen allows the o-phos-
phorus to retain more electron density and become less positive,
thus making the pyrophosphate (PPi) a better leaving group (Sum-
mers et al., 1998; Thatcher and Campbell, 1993); (b) the non-bridg-
ing oxygen opposite to the borane group retains slightly more
electron density (compared with a normal phosphate) and coordi-
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nates better to cations (Deval et al., 2005; Summers et al., 1998);
and (c) the borane is isosteric to a methyl group and has a prefer-
ence for hydrophobic environments (Summers et al., 1998), both of
which may contribute to faster PPi loss due to coulombic repulsion.
To our knowledge, these data represent the first time a phosphate
modified NTP has been studied as a substrate for HCV NS5B RdRP.

These findings could have widespread applications given the
range of sugar modified NS5B inhibitors that are currently being
investigated. Existing viral RARP inhibitors might be “retro-fitted”
with the boranophosphate modification, in combination with a
monophosphate prodrug strategy (Bobeck et al., 2010; Li et al.,
2007; Shaw et al., 2000), in order to increase potency. Overall, this
discovery could open up a larger avenue of thought in terms of fu-
ture HCV therapeutic development (and possibly other RNA
viruses as well).
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