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Abstract

Both the B-p-(+) and B-L-(—)-enantiomers of 2’,3’-didehydro-2,3’-dideoxy-5-fluorocytidine (D4FC) are clinically
relevant compounds because of their potent anti-HIV and anti-HBV activities. Cross-resistance to L-D4FC with HBV
containing a mutation in the conserved polymerase YMDD region has been observed. In order to better understand the
effects of stereochemistry on planar 5-fluorinated cytidine analogs and to gain insight into resistance caused by YMDD
mutations in HIV-1 reverse transcriptase (RT), a combination of transient kinetic studies and computer modeling were
employed. In contrast to studies with the (4) and (—) isomers of 3TC-TP and FTC-TP, it was found that wild type RT
had a high enantiomeric selectivity between the D-(+) and L-(—) isomers of D4FC-TP. While no resistance was
conferred by the methionine 184 to valine mutation to b-D4FC-TP, L-D4FC-TP was incorporated 50- to 70-fold less
efficiently. The kinetic parameters of incorporation in the presence of L-D4FC-TP by RTV" and the mechanism of
resistance by RTM!3*V were found to be distinct from those seen with the corresponding L-isomers containing an
oxathiolane ring: (—)-3TC-TP and (—)-FTC-TP. Molecular modeling suggests that .- and D-D4FC-TP are positioned
in the active site favorably for incorporation by RTW T and that L-D4FC-TP, but not p-D4FC-TP, is sterically hindered
by the addition of a B branched amino acid at position 184 of RTM!84V.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Human immunodeficiency virus (HIV) is the
causative agent of acquired immunodeficiency
syndrome. HIV requires reverse transcriptase
(RT) to copy its single stranded RNA genome
into a double stranded DNA copy for integration
into the host cell DNA. While most steps in the
HIV replication cycle have been targeted (De
Clercq, 1995, 1997, Mitsuya et al., 1991), a
substantial number of drugs that have been
effective in patient treatment are nucleoside re-
verse transcriptase inhibitors (NRTI’s) that cause
chain termination of elongating viral transcripts.
Hepatitis B virus (HBV) also requires an RNA-
directed DNA polymerase to copy its viral genome
and chronic infection with this virus has become a
worldwide problem affecting 300 million indivi-
duals (Lee, 1997). It is believed that, like HIV, the
most effective anti-HBV drugs will be nucleoside
inhibitors (De Clercq, 1999; Torresi and Locar-
nini, 2000; Furman et al.,, 1992). The use of
nucleosides as an HBV treatment also leads to
the possibility of agents that are effective against
both viruses and this could be of value in co-
infected individuals. Despite their historical suc-
cess and their promise as new potent antiviral
agents, certain nucleosides are limited by their
toxicity to the host (Parker and Cheng, 1994) and
their ability to select for resistant viruses (Larder,
1994). Other biological factors that effect the
ability of these inhibitors to reduce viral replica-
tion are transport, metabolism, and incorporation
of the drug.

Kinetic studies have lead to the hypothesis that
there is a planar ribose ring intermediate during
nucleotide  incorporation by  polymerases
(Krayevsky and Watanabe, 1998). Transient ki-
netic experiments from our laboratory have sup-
ported this hypothesis by showing that RT
incorporates planar nucleotide analogs with rela-
tively high efficiencies. For instance with thymi-
dine analogs, DA4T-TP was found to be
incorporated as efficiently by RT as the natural
substrate dTTP (Vaccaro et al., 1999) and likewise
with deoxyguanosine analogs, D4G-TP was also
incorporated with an efficiency similar to dGTP,
the corresponding natural substrate (Ray et al.,

2002). Substitution of the oxygen in the ribose ring
of deoxyguanosine with a methylene group and
addition of a 2,3’ unsaturation produced the
carbocyclic analog carbovir triphosphate (CBV-
TP) that was also found to be incorporated by RT,
albeit an order of magnitude less efficiently than
the natural substrate dGTP (Ray and Anderson,
2001; Ray et al., 2002). Their historical success,
and these findings suggest that nucleosides that
adopt planar ribose ring conformations may serve
as potent new antiviral agents.

(—)-3TC is an essential component in many
combination treatments for HIV (Perry and
Faulds, 1997) and has also shown potent activity
against HBV (Jarvis and Faulds, 1999; Lau et al.,
2000). Studies have suggested that toxicity may be
reduced by modifying the 5-position of the cyto-
sine ring with a fluorine (Schinazi et al., 1992). It
has also been found that the 5-fluoro derivative of
(—)-3TC, [(—)-FTC] has more potent activity
against HIV and HBV than its unfluorinated
counterpart. Increased activity with HIV has
been shown to be at least in part due to a higher
incorporation efficiency during RNA-directed
DNA synthesis in the presence of (—)-FTC-TP
with HIV-1 RT (Feng et al., 1999). Another 5-
fluorinated rL-isomer with more potent activity
against HIV and HBV than (—)-3TC is p-.-2",3'-
didehydro-2,3’-dideoxy-5-fluorocytidine (L-
D4FC, shown in Fig. 1) (Lin et al., 1996; Shi et
al., 1999; Zoulim et al., 1996; Le Guerhier et al.,
2000). Long term treatment with (—)-3TC causes
the accumulation of resistant HIV with a mutation
in the conserved YMDD motif of RT (Schinazi et
al., 1993; Schuurman et al., 1995). Transient
kinetic experiments have shown that the mutation
of methionine 184 to valine (M184V) causes
resistance to (—)-3TC-TP by decreasing the bind-
ing affinity (Wilson et al., 1996; Feng and Ander-
son, 1999b). (—)-3TC has also been shown to
select for resistant HBV containing YMDD muta-
tions (Tipples et al., 1996; Delaney et al., 2001) and
these mutant viruses also show resistance to L-
D4FC (Fu et al., 1999). These overlapping resis-
tance profiles may indicate similarities between the
HBYV and HIV polymerase active sites.

L-D4FC’s increased activity over (—)-3TC in
cell culture may be due to a combination of
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Fig. 1. Structures of enantiomeric pairs of fluorinated and unfluorinated cytidine analogs.

factors. Metabolic studies have shown that it is
effectively converted to the triphosphate form and
is not a substrate for cytidine deaminase (Dutsch-
man et al., 1998). It was also found to be poorly
removed by a number of cytosolic exonucleases
(Pelicano et al., 2000; Kukhanova et al., 2000;
Chou et al., 2000). In steady-state kinetic studies
with HIV-1 RT and human polymerases, a com-
parison of L-D4FC-TP with (—)-3TC-TP found
that it was a better substrate for HIV-1 RT as well
as a good substrate for human pol y and pol B,
which might, in part, explain its toxicity (Kukha-
nova et al., 1998).

A steady-state kinetic analysis of L-D4FC-TP
has provided a basis for understanding inhibition
by this nucleoside triphosphate analog (Kukha-

nova et al., 1998) but is insufficient to elucidate the
detailed interaction of the drug with HIV-1 RT at
the polymerase active site. The reason for the
limited scope of steady-state experiments is their
inability to resolve kinetic steps masked by the
rate-limiting step of a reaction. This point is
particularly valid with the ordered reaction me-
chanism followed by RT (Kati et al., 1992). The
first step involves binding of the DNA or RNA
substrate to the enzyme to form an E-DNA
complex with a dissociation constant (Ky) in the
nanomolar range. This step is followed by the
binding of a 2’-deoxynucleoside triphosphate
(ANTP) to form the ternary complex (E-DNA-
dNTP). The binding of dNTP is a two step process
with an initial loose complex followed by a tighter
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binding complex (Rittinger et al., 1995; Spence et
al., 1995) as the enzyme undergoes the rate-limit-
ing conformational change for catalysis (ko) and
checks for correct base geometry (Kool, 1998) and
proper base pairing. Once the conformational
change has taken place, the 3’-hydroxyl of the
elongating primer strand attacks the o phosphate
of the dNTP in a rapid chemical step. The rate-
limiting step for the reaction (k) is the release of
the elongated DNA from RT. This is the step
analyzed during steady-state kinetic analysis and is
likely not of interest in evaluating drug interac-
tions with RT.

In order to better understand incorporation
with p- and L-D4FC-TP by HIV-1 RTVT and
possible resistance by RTM**V a combination of
transient kinetic experiments and molecular mod-
eling were used. Molecular modeling was utilized
to provide structural insight as to the possible
positioning of dCTP, p-D4FC-TP, (—)-3TC-TP
and L-D4FC-TP within the active site of HIV-1
RT. Data were compared with previous transient
kinetic results for the (+) and (—) isomers of 3TC-
TP (also commonly referred to as (+) and (—)
BCH-189-TP) and FTC-TP (Feng and Anderson,
1999a,b; Feng et al., 1999).

2. Materials and methods

2.1. Purification of HIV-1 RT

RTWT and RTM"™*Y were used for all experi-
ments. The N-terminal histidine tagged heterodi-
meric p66/p51 enzymes were purified using clones
generously provided by Dr Stephen Hughes, Dr
Paul Boyer and Dr Andrea Ferris (Frederick
Cancer Research and Development Center, MD).
Protein purifications were performed as previously
described (Kerr and Anderson, 1997b, Feng and
Anderson, 1999a). Purification over cobalt affinity
resin followed by anion exchange chromatography
yielded protein of greater than 95% purity (as
determined by protein staining of SDS-page gels,
data not shown).

2.2. Nucleoside triphosphates

dCTP was purchased from Pharmacia LKB
Biotechnology Inc. The preparation of D- and L-
D4FC-TP was carried out as follows. To a
solution of the nucleoside (D-D4FC or 1.-D4FC,
10 mg) in anhydrous DMF (0.3 ml) and pyridine
(0.1 ml) was added a 1 M solution of 2-chloro-4H-
1,3,2-benzodioxaphosphorin-4-one in anhydrous
1,4-dioxane (0.05 ml). The resulting solution was
stirred at room temperature for 15 min. A solution
of 1 M bis(tri-n-butylammonium)pyrophosphate
in anhydrous DMF (0.12 ml), and BusN (0.05 ml)
were then added sequentially. After stirring at
room temperature for another 15 min, a solution
of I,/H,O/pyridine/THF was added to the above
solution drop-wise until the iodine color persisted
(about 0.5 ml). The mixture was then concentrated
by evaporation in vacuo. The residue was dis-
solved in water (2 ml), washed with CH,Cl, (3 x 1
ml), filtered, and purified by HPLC (column:
DIONEX NucleoPac PA-100 (9 x 250 cm); buffer
A: 005 M triethyl ammonium bicarbonate
(TEAB); buffer B: 0.5 M triethyl ammonium
bicarbonate; flow rate: 7.5 ml/min; gradient:
increasing buffer B from 0% at 0 min to 50% at
10 min, 100% at 12 min, then maintained for 17
min). Collection and lyophilization of the peak
with a retention time of 8—9 min afforded the
product as a colorless syrup. The purity of the
product, as determined by HPLC was >98%
(column: DIONEX NucleoPac PA-100 (4 x 250);
buffer A: 25 mM Tris/Cl, pH 8; buffer B: 0.5 M
NaCl in 25 mM Tris/Cl, pH 8; flow rate: 1.5 ml/
min; gradient: starting from 100% buffer A, by
increasing buffer B from 0% at 1 min to 50% at 15
min, 80% at 18 min, then maintained for 23 min;
retention time 8.9 min). MS (FAB™) m/e 466
(IM—H] 7). Compounds were also tested for and
shown to be free of contaminating pyrophosphate
using the Sigma pyrophosphate kit (catalogue
number P-7275) and purity was independently
verified by LC-ESI mass spectrometry.

2.3. Oligonucleotides

The 18-, 23- and 45-mer DNA oligonucleotides
shown in Fig. 2 were synthesized on an Applied
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Unstructured Primer-Templates:

DNA/DNA 23/45-mer:

*GCCTCGCAGCCGTCCAACCAACT
CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG

DNA/RNA 23/45-mer:

*GCCTCGCAGCCGTCCAACCAACT
CGGAGCGUCGGCAGGUUGGUUGAGUUGGAGCUAGGUUACGGCAGG*

Genomic Primer-Template:

DNA/RNA 18/36-mer:
*GUCCCUGUUCGGGCGCCA
CGAAAGUCCAGGGACAAGCCCGCGGUGACGAUCUCU*

Fig. 2. Sequence of the oligonucleotide substrates. * indicates
5'-[*2P] labeling of the oligonucleotide.

Biosystems 380A DNA synthesizer (Keck DNA
synthesis facility, Yale University) and purified
using 20% polyacrylamide denaturing gel electro-
phoresis. The 36- and 45-mer RNA oligonucleo-
tides were synthesized and purified by New
England Biolabs.

The 18- and 23-mer DNAs and the 36- and 45-
mer RNAs were 5-*?P-labeled with T4 polynu-
cleotide kinase (New England Biolabs) as pre-
viously described (Kati et al., 1992). [y->*P] ATP
was purchased from Amersham/Pharmacia. Bios-
pin columns for the removal of excess [y->*P] ATP
were purchased from Bio-Rad.

Annealing of the 23- and 45-mer primer-tem-
plates (DNA/DNA and DNA/RNA), and the 18-
and 36-mer primer-template (DNA/RNA) were
performed by adding a 1:1.4 molar ratio of
purified oligoes at 90 °C for 5 min, 50 °C for 10
min and ice for 10 min. The annealed primer-
templates were then analyzed using 15% non-
denaturing polyacrylamide gel electrophoresis to
insure complete annealing. Concentrations of the
oligonucleotides were estimated by UV absor-
bance at 260 nm using calculated extinction
coefficients: DNA 18-mer ¢ = 170,000 M ' ecm—;
; DNA 23-mer, ¢ =200,750 M~ ! cm ~'; DNA 45-
mer, ¢=491,960 M~ 'cm~!; RNA 36-mer ¢=
396,000 M~ 'cm ', RNA 45-mer, ¢=507,960
M~ tem L

2.4. Pre-steady-state burst and single-turnover
experiments

Rapid chemical quench experiments were per-
formed as previously described with a KinTek
Instruments model RQF-3 rapid-quench-flow ap-
paratus (Kati et al., 1992; Kerr and Anderson,
1997b).

A pre-steady-state kinetic analysis was used to
examine the incorporation of AdCMP, p-D4FC-MP
or L-D4FC-MP into a DNA/DNA or DNA/RNA
duplex. No pre-steady-state burst of product
formation was detected during the incorporation
of L-D4FC-MP into a DNA/DNA primer-tem-
plate by RTWT and RTM"®* nor during incor-
poration into a DNA/RNA primer-template by
RTM¥*V indicating a change in the mechanism of
incorporation and rate-limiting step. Single-turn-
over experiments were used under these circum-
stances as a means of accurate rate measurement.
The reactions were carried out by rapid mixing of
a solution containing the pre-incubated complex
of 250 nM HIV-1 RT (wild type or M184V) and 50
nM 5’-labeled DNA/DNA duplex with a solution
of 10 mM Mg " and varying the concentration of
L-D4FC-TP in the presence of 50 mM Tris/Cl, 50
mM NaCl, at pH 7.8 and 37 °C (all concentra-
tions final after mixing). Polymerization was
quenched at various time points by the addition
of 0.3 M EDTA. Polymerization in all other cases
showed a fast phase of product formation followed
by a slower steady-state phase, and pre-steady-
state burst experiments were used for the analysis
of polymerization. Pre-steady-state bursts were
carried out under the same conditions as those
described for a single-turnover experiment except
the amount of primer-template (300 nM final) was
in 3-fold excess of enzyme (100 nM final). DNA
polymerization products were separated using 20%
polyacrylamide sequencing gel analysis. Products
were quantified using a Bio-Rad GS525 Molecular
Imager (Bio-Rad Laboratories Inc., Hercules,
CA).

2.5. Data analysis

Data were fit by non-linear regression using the
program KaleidaGraph version 3.09 (Synergy
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Software, Reading, PA). Results from pre-steady-
state burst experiments were fit to a burst equa-
tion: [Product] = A[1 —exp(—kopsat) +ksst ]
Where A represents the amplitude of the burst
which correlates with the concentration of active
enzyme, kgopsq 1S the observed first-order rate
constant for dNTP or analog incorporation, and
ks 1s the observed steady-state rate constant. Data
from single-turnover experiments were fit to a
single exponential equation: [Product]=A[l—
exp(—kopsat)]. The dissociation constant (Ky) of
dCTP, p-D4FC-TP or L-D4FC-TP binding to the
complex of RT and primer-template was calcu-
lated by fitting observed rate constants at different
concentrations of dNTP to the following hyper-
bolic equation: kobsd = (kpol[dNTP])/ (K4 +
[dNTP]), where k,o is the maximum first order
rate constant for ANMP incorporation and Ky is
the equilibrium dissociation constant for the
interaction of dNTP with the E-DNA complex.
Errors reported were calculated by standard
statistical analysis (Skoog and Leary, 1992).

2.6. Molecular modeling

Computer modeling was done on a Silicon
Graphics Indigo® Impact workstation using In-
sight 1T 95.0 software (Biosym/MSI, San Diego).
All modeling was based on the crystal structure
including the ternary complex of HIV-1 RT,
primer-template and dTTP (Huang et al., 1998).
The templating DNA base was changed from
adenosine to guanosine using the biopolymer
module and the replace function. A 3’ hydroxyl
was modeled onto the terminal ribose ring of the
primer strand, which is a dideoxy in the crystal
structure. The incoming dTTP was modified to
dCTP and the 3’-endo, northern ribose ring
conformation found in the active sites of many
DNA polymerases was conserved (for a review of
nucleoside structure see Ford et al., 2000). Methio-
nine 184 was modified to valine by using the
replace function in the build module. The Val was
rotated until it was in the most sterically stable
position with respect to surrounding protein
residues and the primer-template. The optimal
positioning is similar to that found in the crystal

structure of DNA bound RTM3# (Sarafianos et
al., 1999).

D-D4FC-TP, L-D4FC-TP and (—)-3TC-TP
were built and energy minimized using the build
module. Holding the ribose ring in the energy
minimized planar conformation, p- and L-D4FC-
TP were modeled into the active site with care
being taken to have the proper base pairing and
coordination of the a- and y-triphosphate oxygens
with Mg®>". The planar ring conformation was
found upon energy minimization and is also
consistent with the crystal structure of D4T (Harte
et al., 1991). (—)-3TC-TP was modeled into the
active site in a S3’-exo conformation found
through energy minimization and consistent with
the oxathiolane ring conformation in the crystal
structure of (—)-FTC (Van Roey et al., 1993).
Steric interactions with Tyr 115 made it impossible
to maintain proper base pairing with the templat-
ing base in the position that it is found in the
crystal structure. Instead of overlapping the bases,
the 3" sulfur and 2" carbon atoms were placed in
positions to avoid steric hindrance or clashes
(discussed in text). The backbone of the tripho-
sphate was then modeled with proper coordination
between Mg> " and phosphate oxygens.

3. Results

In this comparative study the kinetic parameters
for the addition of dCMP, p-D4FC-MP or 1L-
D4FC-MP (triphosphate forms shown in Fig. 1)
into an elongating DNA strand with either a DNA
or RNA template (Fig. 2) were determined for
HIV-1 RTY'T and RTM®*V._ Pre-steady-state
bursts and single-turnover experiments were used
to define the maximum rates of incorporation
(kpo1) and the dissociation constants (Ky) as well as
to ascertain the overall rate-limiting step in the
reaction pathway. These values were then used to
calculate the efficiencies of incorporation (kpoi/Kqg)
to allow for comparison of D- or L-D4FC-TP with
the natural substrate, dCTP. Efficiencies deter-
mined with each nucleotide with RTY' and
RTMB4 wwere used to calculate selectivity values
for dCTP relative to the two D4FC-TP analogs
(selectivity = efficiencyqcrp/efficiencyanaiog) to de-
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termine if any resistance could be detected. Com-
puter modeling of dCTP, (—)-3TC-TP, p-D4FC-
TP and 1.-D4FC-TP was then used in an attempt
to gain insight into kinetic phenomenon recog-
nized in this and previous kinetic studies (Feng
and Anderson, 1999a,b; Feng et al., 1999; Vaccaro
et al., 1999; Ray and Anderson, 2001; Ray et al.,
2002).
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3.1. Pre-steady-state incorporation with dCTP, p-

D4FC-TP and -D4FC-TP by HIV-1 RT"" and
RTM184V

Previous studies have shown that the rate-limit-
ing step for the catalysis of nucleotide incorpora-
tion with RT occurs after chemistry (Kati et al.,
1992). When primer-template is in slight excess
over enzyme this results in the observation of a
burst of product, as pre-bound substrate is turned
over, followed by a linear phase reflecting the rate-
limiting step of product release. Previous studies
with the four natural 2’-deoxynucleotides have
observed bursts of product formation (Ray et al.,
2002; Kati et al., 1992; Kerr and Anderson, 1997a;
Feng and Anderson, 1999a). Consistent with
previous results, incorporation of dCMP into
both homoduplex and heteroduplex primer-tem-
plates showed a burst of product followed by a
slower linear phase for both RTVT and RTM!84V
(representative dCTP curve shown in Fig. 3A).

The presence of a pre-steady-state burst during
the incorporation of an analog suggests that it is
being incorporated by a similar kinetic mechanism
as natural dNMPs. A pre-steady-state burst of
product formation was observed in all cases for p-
D4FC-TP (data not shown) and a burst of product
formation was observed for heteroduplex elonga-
tion with L-D4FC-TP and wild type enzyme (Fig.
3B). Elongation of a homoduplex with L-D4FC-
TP by RTWT and RTM!®*Y and the heteroduplex
by RTM!34V (Fig. 3C), however, did not show a
pre-steady-state burst of product indicating a
change in the rate-limiting step.

Fig. 3. Change in the kinetic mechanism of polymerization for
RTM# from the scheme observed with RT™T during RNA-
directed polymerization with L-D4FC-TP. A pre-steady-state
burst experiment was done in the presence of 220 uM dCTP and
a DNA/RNA primer-template which shows the typical biphasic
pattern seen during incorporation in the presence of natural
dNTPs and that was observed during incorporation in all cases
with D-D4FC-TP (Panel A). Similar experiments were done
with L-D4FC-TP with RTVT (panel B) and RTM!®*V (Panel C).
RTYT showed a single exponential burst of product formation
followed by a slower linear phase while RTM!3#Y only shows a
linear phase. The absence of a burst shows that the mechanism
of incorporation has changed and that the overall rate-limiting
step of the reaction occurs before or during catalysis.
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3.2. Determination of the K; and k,,; for
incorporation with dCTP, p-D4FC-TP and L-
D4FC-TP by HIV-1 RT"" and RTM'3*"

The interaction between dCTP, p-D4FC-TP
and 1L-D4FC-TP with the E-DNA complexes
were determined by plotting the observed rate
(kobsa) at various concentrations of nucleotide with
RTY" or RTM'®*Y and DNA/DNA or DNA/
RNA primer-template and fitting the data to
hyperbolic curves. These curves gave the max-
imum rate of incorporation of the dNMP (k)
and the binding affinity (expressed as the concen-
tration of dNTP necessary to obtain the half-
maximal rate) for dCTP, p-D4FC-TP, or L-
D4FC-TP (Ky4) with each of the E-DNA combina-
tions.

Pre-steady-state burst experiments were used to
determine the kinetic constants for dCMP incor-
poration by RTVT and RTM"®**V into homo- and
heteroduplex primer-templates. The curve gener-
ated to fit the plot of observed rate versus dCTP
concentration for RTYT and a DNA/RNA pri-
mer-template gave a Ky of 48 uM and a ko of 38
s~ !. These values were then used to calculate the
efficiency of incorporation with dCTP by RTV'
into a DNA/RNA primer-template to be 0.79
uM~! s~ ! (data summarized in Table 1). Similar
analysis showed that dCTP had a K4 of 56 uM, a
kpor of 2.9 s~ ! and an efficiency of incorporation
of 0.052 pM~'s~! for a DNA/DNA primer-
template. Similar analysis was done for RTM!34V
and both primer-template combinations. In gen-
eral the Ky was found to be weaker and the k|
faster when comparing mutant to wild type
enzyme incorporation in the presence of dCTP.
Curves for RTYT and RTM"®*Y and homo- and
heterodulex are shown in Fig. 4A and Fig. 5A and
all data are summarized in Table 1.

Results for p-D4FC-TP were similar to those
seen for dCTP. Pre-steady-state bursts were done
to determine the concentration dependence on rate
for incorporation of a chain terminating p-D4FC-
MP nucleotide during DNA- and RNA-directed
synthesis by RTWT and RTM!®V. The generated
K4 curves show that the efficiencies of incorpora-
tion with D-D4FC-TP are within 3-fold of those
obtained with dCTP for both enzymes and both

primer-template combinations (Fig. 4B and Fig.
5B and summarized in Table 1). This data shows
that RTM'®*Y has no kinetic advantage over RTWV T
at selecting dCTP over b-D4FC-TP.

L-D4FC-TP showed no pre-steady-state burst of
product formation during DNA-directed polymer-
ization by RTWT. The generated curve for RTVT
and a DNA/DNA primer-template (Fig. 4C)
showed a kpo of 0.089 s~ !, a K4 of 31 uM and
an efficiency of incorporation of 0.0029
uM~'s™!' A burst of product formation was
observed during RNA-directed polymerization.
The efficiency of incorporation with L-D4FC-TP
during RNA-directed polymerization by RTWT
was found to be an order of magnitude more
efficient than during DNA-directed synthesis. This
increase in efficiency was due to a marked increase
in rate during RNA-directed synthesis (Fig. 5C,
data summarized in Table 1). While the kinetics of
incorporation of (—)-3TC-MP and (—)-FTC-MP
into the DNA/RNA primer-template used in this
study have been reported (Feng and Anderson,
1999a; Feng et al., 1999), we verified that our
results were consistent with our earlier studies. We
measured the rates of incorporation at (—)-3TC-
TP concentrations close to the reported Ky value
(5 pM) and at a concentration approaching
saturation (25 uM) and found the obtained values
to be very similar to those previously determined.
For instance, at a concentration of 5 uM, a rate of
0.020+0.0008 s~ ' was observed (expected rate
from previous report: 0.01740.0027 s~ ') and at
25 uM, a rate of 0.026+0.0017 s~ ' was observed
(expected rate from previous report: 0.028 +0.0045
s~ 1. A comparison of the pre-steady-state kinetics
of (—)-3TC-TP, (—)-FTC-TP and L-D4FC-TP is
presented in Table 2. In general, the maximum rate
of polymerization in the presence of L-D4FC-TP
was found to be an order of magnitude faster with
a weaker affinity binding to RT when compared to
the corresponding oxathiolane compounds.

While incorporation of L-D4FC-MP into an
elongated DNA strand templated by RNA showed
a pre-steady-state burst of product with RTWT
(Fig. 3B), incorporation by RTM'¥*V did not show
a pre-steady-state burst of product (Fig. 3C)
indicating a change in mechanism and overall
rate-limiting step. The major difference in the
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Table 1
Kinetic and equilibrium constants for binding and incorporation with dCTP, and p- or L-D4FC-TP by wild type and M184V HIV-1
RT
Primer/template RT Nucleotide kpol (8~ Y K4 (M) Efficiency (uM ~ ! s™1) Selectivity®
DNA/DNA WT dCTP 2.9+0.16 56+9.8 0.05240.0095 -
D-D4FC-TP 0.95+0.067 31+64 0.03140.0068 2
L-D4FC-TP 0.089 +0.0046 31+3.5 0.002940.00036 20
M184V  dCTP 6.740.40 68+12 0.099+0.018 -
D-D4FC-TP 1.440.13 24455 0.058 +0.014 2
L-D4FC-TP 0.01140.0005 130+10 0.000085 +0.000008 1000
DNA/RNA WT dCTP 38425 48 +£8.3 0.79+0.14 -
D-D4FC-TP 44+0.2 1942 0.234+0.034 3
L-D4FC-TP 0.67+0.064 27453 0.02540.0055 30
M184V  dCTP 43421 130+18 0.334+0.048 -
D-D4FC-TP 3.2+0.20 16+3.0 0.204+0.04 2
L-D4FC-TP 0.0068 4+0.0005 4446.0 0.00016+0.000025 2000

 Selectivity = efficiencyqcrp/efficiencyanaiog-

interaction of the L-D4FC-TP with wild type and
mutant enzyme was reflected by a two order of
magnitude drop in the maximum rate of incor-
poration (kpo) from RTYT to RTM3Y (0.67
versus 0.0068 s~ ! respectively, Fig. 5C) was noted.
The DNA-directed polymerization kinetics
showed no burst of product formation with either
RTYT or RTM"®*Y during DNA/DNA incorpora-
tion however a similar decrease in the maximum
rate was observed in response to the M184V
mutation (0.089 versus 0.011 s~ ' respectively,
Fig. 4C). These differences in rate were accom-
panied by only a 2- to 4-fold weakening in binding
affinity (K4). These data are consistent with
RTM!34V being 50- and 70-fold more selective for
the natural substrate, dCTP over L-D4FC-TP,
than RTW' during DNA- and RNA-directed
polymerization respectively (summarized in Table
1). In order to insure that there was no primer-
template sequence dependence upon the observed
kinetics, we examined the reaction kinetics using a
different oligonucleotide substrate. Accordingly,
we carried out additional experiments in order to
affirm that the mechanism of RTM!"#V resistance
to L-D4FC-TP is independent of primer-template
and to allow for a direct comparison with (—)-
3TC-TP resistance data generated with another
primer-template (Feng and Anderson, 1999b).
These experiments were conducted with an 18-
mer DNA and a 36-mer RNA primer-template

derived from the HIV genomic sequence. Consis-
tent with data determined with the 23-mer DNA
and 45-mer RNA primer-template, experiments
done at saturating concentration of L-D4FC-TP
showed a near two order of magnitude drop in the
rate of incorporation between wild type and
mutant RT (Table 3).

4. Discussion

In this paper the transient kinetics for the
incorporation of dCMP, p-D4FC-MP and L-
D4FC-MP into homo- and heteroduplex primer-
templates catalyzed by HIV-1 RTVT and RTM!3#V
have been examined. These studies have focused
on assessing the effects of stereochemistry with a
planar ribose ring structure on incorporation by
RTYT and the selectivity of RTM!34V. Computer
modeling was then used to gain a better under-
standing of the incorporation of these analogs.

Transient kinetic analysis showed that there is a
large difference in the efficiency of incorporation
between the D- and r-isomers of D4FC-TP. In
fact, RTV " only favors dCTP as a substrate by 2-
to 3- fold over p-D4FC-TP. This result is similar
to results obtained with D4T-TP and D4G-TP in
which it was found that RTY' had similar
efficiencies with these analogs as their correspond-
ing natural dANTP substrates (dTTP and dGTP,
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Fig. 4. Dependence of first order rate constant (kopsq) on dCTP
(panel A), p-D4FC-TP (panel B) and L-D4FC-TP (panel C)
concentration for wild type (@) and M184V (O) RT during
elongation of a DNA/DNA primer-template. The observed rate
of dANMP incorporation into a DNA/DNA primer-template
was plotted against the concentration of dNTP for RTVT (@)
and RTM®% (O) and fit to hyperbolic equations. The
hyperbola gave a dissociation constant for L-D4FC-TP and
the primer-template bound RT (Kg) of 31+3.5 pM for RTVT
and 130+10 pM for RTM¥#V and maximum rates of incor-
poration (k1) of 0.089 +£0.0046 and 0.011 +0.0005 s~ ! respec-
tively. Inset panel C: the data for RTM!®#V (O) was re-plotted
to a more appropriate scale.
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Fig. 5. Dependence of first order rate constant (kopsq) on dCTP
(panel A), p-D4FC-TP (panel B) and L-D4FC-TP (Panel C)
concentration for wild type (@) and M184V (O) RT during
elongation of a DNA/RNA primer-template. The observed rate
of dNMP incorporation into a DNA/RNA primer-template
was plotted against the concentrations of ANTP for RTVT (@)
and RTM®% (O) and fit to hyperbolic equations. The
hyperbola gave a dissociation constant for L-D4FC-TP and
the primer-template bound RT (Kg) of 27+5.3 uM for RTVT
and 4446 uM for RTM®#V and maximum rates of incorpora-
tion (kpo1) of 0.67+0.064 and 0.068 +0.0005 s ! respectively.
Inset panel C: the data for RTM'"¥*V (O) was re-plotted to a
more appropriate scale.
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Table 2

Both the unnatural isomers of D4FC-TP and FTC-TP are
superior to (—)-3TC-TP as substrates during RNA-directed
DNA polymerization by HIV-1 RTWT

Analog kot (s~ D) Ky (uM)  Efficiency
@M~ 's7h
dCTP 38+2.5 48+9 0.79+0.14
(—)-L-3TC-TP*  0.033+0.002 540.8 0.0067+0.0012
(—)-L-FTC-TP® 0.082+0.005 1.4+0.4 0.060+0.018
(—)-L-DAFC-TP 0.67+0.064  274+5.3  0.02540.0055

% Feng and Anderson (1999a).
® Feng et al. (1999).

Table 3

Maximum rate of incorporation of dCMP and L-D4FC-MP by
HIV-1 RTYT and HIV-1 RTM®# into a genomic primer
template

Primer/template Nucleotide RT kpot® (s 1)
D18/R36(Genomic dCTP WT 56+5.1
sequence)

MI84V 6546.2
(—)-L-D4FC-TP WT  1.3+0.04
MI84V 0.01740.0009

# Maximum rate of incorpotation (k,o)) was determined by
performing an experiment at a saturating concentration of
dNTP.

respectively) (Vaccaro et al., 1999; Ray et al.,
2002). The low occurrence of HIV-1 RT resistance
mutations to D4T (Lin et al.,, 1994) may be
attributed to RT’s inability to distinguish between
DAT-TP and the natural substrate (Vaccaro et al.,
1999). Similarly, p-D4FC may also have an
excellent resistance profile. Lending support to
this hypothesis, no resistance was conferred by the
M184V mutation of RT at a kinetic level. On the
other hand, L-D4FC-TP was found to be a
relatively poor substrate when compared with D-
DA4FC-TP. Its incorporation efficiency was greater
than an order of magnitude less than that of dCTP
during incorporation by RTWT into both hetero-
and homoduplexs. It was also found that RTM!84V
was much more sensitive to differences in stereo-

chemistry as this mutation was shown to confer
50- and 70-fold resistance for DNA- and RNA-
directed synthesis, respectively (results summar-
ized in Table 1).

The large difference in incorporation between
the p- and r-isomers of D4FC-TP is in contrast to
results seen with the (+) and (—) isomers of 3TC-
TP and FTC-TP where very little enantiomeric
selectivity was observed on the part of RTWT
(Feng and Anderson, 1999a; Feng et al., 1999).
The lack of enantiomeric selectivity with oxathio-
lane compounds may be due to the steric bulk of
the sulfur atom in the ring governing the reaction
kinetics and most likely does not represent a
general trend for ribose ring modifications. In
this study we have shown that RT does in fact
have a reasonably high enantiomeric selectivity for
a ribose ring alterations that cause less perturba-
tions than elicited by the presence of sulfur in the
oxathiolane ring. Moreover, these data suggest
that oxathiolane compounds do not provide an
exemplative model for probing L-isomers and their
interactions with RT and other enzymes.

Our studies examining D- and L-D4FC-TP, were
conducted with two entirely different primer-
template substrates to facilitate valid comparisons
with our previous work with the oxathiolane
compounds (Feng and Anderson, 1999a; Feng et
al., 1999). L.-D4FC-MP was incorporated more
efficiently than previous reported values for (—)-
3TC-MP and close to the incorporation efficiency
with (—)-FTC-TP during RNA-directed incor-
poration by RTY' (Feng et al., 1999)(results
summarized in Table 2). These data are consistent
with cell culture findings showing that (—)-FTC
and L-D4FC are more potent inhibitors of HIV
than (—)-3TC (Pottage et al., 1998; Lin et al.,
1996), and may suggest that the increased potency
of these two compounds is due in part to higher
efficiencies of incorporation by HIV-1 RT.

Many of the kinetic characteristics of incorpora-
tion in the presence of L-D4FC-TP were found to
be kinetically distinct from (—)-3TC-TP and (—)-
FTC-TP (results summarized in Table 2). 1-
D4FC-MP was incorporated approximately an
order of magnitude faster than (—)-3TC-MP and
(—)-FTC-MP but with a significantly weaker
affinity. It is interesting that both natural and
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unnatural enantiomers of analogs with planar ring
structures are incorporated with relatively high
rates. It is also surprising that the vL-planar
nucleotide binds with a weaker affinity than the
oxathiolane compounds. 1L-D4FC-TP was found
to bind with a similar affinity as dCTP to HIV-1
RTYT which is consistent with results for the other
planar analogs D-D4FC-TP, D4T-TP, D4G-TP
and CBV-TP and there corresponding dNTPs
(Vaccaro et al., 1999; Ray et al., 2002; Ray and
Anderson, 2001). This is in contrast to (—)-FTC-
TP and (—)-3TC-TP that bind as much as an
order of magnitude more tightly at the RT™'
active site than dCTP depending on the primer-
template combination used (Feng and Anderson,
1999a; Feng et al., 1999). One possible explanation
for the tighter binding observed for (—)-FTC-TP
and (—)-3TC-TP may be that there is a shift in the
binding location as compared with L.-D4FC-TP.

Previous clinical findings have shown that
treatment of HBV with (—)-3TC causes YMDD
mutations in the polymerase (Tipples et al., 1996)
and these mutants of HBV are also resistant to L-
D4FC (Fu et al.,, 1999). To see if HIV-1 RT with
the M184V mutation has a similar resistance
profile, we performed transient kinetic experi-
ments with the mutant protein. It was found that
RTM!®*Y was 50-fold more selective than RTWT
during DNA-directed polymerization (Fig. 4C)
and 70-fold more selective during RNA-directed
polymerization with L-D4FCTP (Fig. 5C, and
summarized in Table 1). Resistance was conferred
by decreases in the k) of greater than an order of
magnitude and smaller changes in Ky from values
obtained with RT™" for both DNA/DNA and
DNA/RNA primer-templates (Table 2). This is in
contrast to changes in selectivity noted in a
previous transient kinetic study done in our lab
on (—)-3TC-TP resistance conferred by RTM!84V,
In that study, it was found that (—)-3TC-TP
resistance was caused at the level of (—)-3TC-TP
binding and only slight changes in the rate of
incorporation were noted (Feng and Anderson,
1999b). These resistance patterns lend further
support to the hypothesis that (—)-3TC-TP binds
in a way that is distinct from L-D4FC-TP in both
the wild type and M184V RT active sites.

D- and L-D4FC-TP and dCTP were modeled
into the active site of RTW T and RTM!®4V in order
to correlate the reaction kinetics with the under-
lying structural consequences of modifications to
the ribose ring. When modeling p- and .-D4FC-
TP into the active site it was striking how well the
planar ribose ring structure allowed for the
cytosine base and the o phosphate to be super-
imposed over the corresponding positions on
dCTP (Fig. 6 and Fig. 7). This optimal orientation
of the base and the o phosphate may explain why
analogs with 2,3” unsaturations and the resulting
planar ring structure are incorporated so favorably
by RT. For comparative purposes (—)-3TC-TP,
was also modeled into the active sites of RT" ' and
RTM3#V (Fig. 7). Placing (—)-3TC-TP into the
active site was much more challenging than p- and
L-D4FC-TP. If the cytosine ring of (—)-3TC-TP
was superimposed on the base of dCTP the
oxathiolane ring came into steric conflict with
Tyr 115 and the o phosphate could not be
positioned closer than 1 A from the o phosphate
of dCTP. Previous transient kinetic studies have
shown that (—)-3TC-TP binds in such a manner as
to alter the RNase H cleavage pattern and possibly
the primer-template position (Feng and Anderson,
1999a). Consistent with experimental observations
and our computer modeling of L-D4FC-TP, it was
observed that dCTP and rL-D4FC-TP had similar
RNase H cleavage products while (—)-3TC-TP
showed a different cleavage pattern (data not
shown). Keeping these and other previously dis-
cussed kinetic differences in mind, the base was
allowed to move while the oxathiolane ring 3’
sulfur and 2’ carbon were positioned in a sterically
favorable position between Tyr 115, Asp 185, and
Met 184 that would place the 5 carbon in a
feasible location to allowing for a reasonable
positioning of the triphosphate for catalysis. The
positioning of Tyr 115 may cause (—)-3TC-TP to
bind in a slightly shifted binding pocket and alter
the angle and positioning of the base pair to the
template (Fig. 7). While this model cannot con-
fidently predict the location of (—)-3TC-TP in the
active site it clearly indicates that (—)-3TC-TP
cannot occupy the same position as dTTP in the
crystal structure, whereas the D4FC-TP com-
pounds can. This could explain the slow rate of
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Fig. 6. Model for L-D4FC-TP (yellow) binding in the active site of the M 184V mutant of HIV-1 RT. The model shows that the planar
conformation of L-D4FC-TP allows for the 5-fluorocytosine base and o phosphate to be superimposed over the corresponding
positions on dCTP (red). This alignment allows for L-D4FC-TP to properly base pair with the template (green), coordinate with Mg®*
(blue) and be aligned for attack from the 3" hydroxyl (gray) of the 3" terminal base of the extending primer (white). The steric clash
between L-D4FC-TP and Val 184 (purple) is shown by projecting the Connolly surfaces for the two molecules.

incorporation of oxathiolane compounds and the
positioning of a different template phosphodiester
linkage in the distant RNase H active site and the
distinct incorporation kinetics observed with (—)-
3TC-TP with RTVT and RTM'#*V,

To analyze changes in ANTP binding due to the
M184V mutation and a possible mechanism for
resistance seen to (—)-3TC-TP and L-D4FC-TP at
a structural level, we replaced Met 184 with Val.
Previous modeling studies based on the crystal
structure of the ternary complex (Huang et al.,
1998) and different combinations of bound li-
gands, have shown that (—)-3TC-TP resistance
may be due to steric hindrance by B branched
amino acids (Val or Ile) replacing Met at position
184 (M184V or M184l) in resistant HIV-1 RT
(Sarafianos et al., 1999; Gao et al., 2000). This
steric clash is based on the binding of the 2" and 3’

positions of the ribose ring of (—)-3TC-TP in the
opposite orientation as natural p-dNTPs (Feng
and Anderson, 1999a) and coming into close
proximity to the branched side chains of M1841
and M184V. Similarly, the f branched Val was
found to sterically hinder (—)-3TC-TP and L-
D4FC-TP by coming in close proximity to the 3’
position of the respective ring structures. This
clash and the steric interaction with Tyr 115 may
explain why (—)-3TC-TP resistance is observed as
an exclusion from the binding pocket. The ability
to fit in a sterically feasible position above Tyr 115
could explain why L-D4FC-TP resistance is char-
acterized by a less marked reduction in binding. A
repositioning of L-D4FC-TP, to avoid the contact
with Val 184, may occur at the expense of optimal
base pairing and/or the position of the o phos-
phate and as a consequence might lead to the order
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Fig. 7. Model showing the different binding positions of D-D4FC-TP (red), 3TC-TP (green) and L-D4FC-TP (yellow) in the HIV-1

RTM184V

active sites. In order to fit 3TC-TP into the active site without steric contact with Tyr 115 (blue) the position of the cytosine

ring had to be changed. The substitution of a valine at position 184 (gray) causes a steric clash with 3TC-TP (3’ sulfur 2.41 A from Val
184) and L-D4FC-TP (3" Carbon 2.81 A from Val 184) but not b-D4FC-TP (Oxygen 4.07 A from Val 184).

of magnitude decreases in rate observed in this
study.

In conclusion, we have presented a transient
kinetic and computer modeling study to mechan-
istically describe the incorporation of p- and L-
D4FC-MP by HIV-1 RT and resistance conferred
by the M184V mutation of RT. From the results
presented in this study, we can draw parallels to
HBV polymerase, which shows similarities, in
terms of substrate specificity and resistance profile,
to HIV-1 RT. It was found that HIV-1 RT does
have enantiomeric selectivity and suggests that
oxathiolane compounds are not good general
model analogs for predicting how L-nucleotides

may be binding to RT. Similar to (—)-FTC-TP, L-
D4FC-TP was found to be a better substrate than
(—)-3TC-TP. A common theme in terms of
anticipated resistance for L-nucleotides was found
because, similar to (—)-3TC-TP RTM!3*V showed
high level resistance to L-D4FC-TP. p-D4FC-TP
was a superior substrate and RTM'®*Y showed no
advantage over RTW' at selecting against D-
D4FC-MP incorporation. The Tyr 115 residue
may be an additional component contributing to
steric hindrance to the B branched mutations
occuring at position 184 and may play an im-
portant role in RT resistance to some nucleotide
analogs.
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