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Abstract

2',3’-Didehydro-3’-deoxy-4'-ethynylthymidine (4'-Ed4T), is a recently discovered nucleoside reverse transcriptase inhibitor (NRTI) showing
a 5- to 10-fold greater anti-human immunodeficiency virus type 1 (HIV-1) activity and less cellular and mitochondrial toxicity than its parental
compound, stavudine (D4T). It is also active against a variety of NRTI-resistant HIV-1 mutants under non-cytotoxic concentrations. In this study,
the effects of 4-Ed4TTP, which is the triphosphate metabolite of 4'-Ed4T, on HIV-1 reverse transcriptase (RT) activity were investigated. We
found that 4-Ed4TTP was a substrate of HIV-1 RT serving as a DNA chain terminator, and it inhibited the DNA polymerase activity of RT
more efficiently than DATTP. The value of Kju _gasrrp)/Km@rrp) is 0.15 for DNA/RNA primer/template duplex (P/T), but 0.7 for DNA/DNA P/T,
suggesting 4'-Ed4TTP inhibits RT more efficiently during RNA-dependent DNA synthesis than DNA-dependent DNA synthesis. 4'-Ed4TTP was
also found to inhibit the 3TC (Lamivudine)-resistant RT mutant, M 184V, with 3-fold less efficiency than the wild type (wt) RT. 4-Ed4TTP showed
much less inhibitory effects toward major host DNA polymerases. Overall, our results suggest that 4'-Ed4TTP is the active form for anti-HIV-1

activity via its inhibitory effect against RT.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

HIV-1 RT has two distinct enzymatic activities, namely the
RNA- or DNA-dependent DNA polymerase activity and the
ribonuclease (RNase) H activity, both are essential for the repli-
cation of HIV-1 RNA genome (Goff, 1990). Shortly after HIV-1
infection into a permissive host cell, RT uses these two activities
to convert the single-stranded RNA genome into a double-
stranded DNA copy. The critical roles of RT in the HIV-1
replication cycle have made it a primary target for the devel-

Abbreviations: NRTI, nucleoside reverse transcriptase inhibitor; NNRTI,
non-nucleoside reverse transcriptase inhibitor; D4T, 2’,3’-didehydro-3'-
deoxythymidine (also known as stavudine); 4'-EdT, 4'-ethynyl DAT; AZT, 3'-
azido-3'-deoxythymidine (also known as zidovudine); 3TC, B-L-2",3’-dideoxy-
3'-thiacytidine (also known as lamivudine); P/T, primer/template duplex
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opment of many antiviral therapeutic agents including NRTIs
and non-nucleoside RT inhibitors (NNRTISs) in the treatment of
acquired immunodeficiency syndrome (AIDS) (Mitsuya et al.,
1990). Among NRTTs, the dideoxynucleosides, such as AZT,
DAT, ddC, ddI and 3TC, are a very important group of antiviral
compounds (Hamamoto et al., 1987; Lin et al., 1987a,b). This
group of compounds serves as DNA chain terminator after they
are phosphorylated to their corresponding triphosphate forms by
host cellular kinases and consequently incorporated into viral
DNA by HIV-1 RT.

However, the application of this group of compounds is clin-
ically limited due to their cytotoxicity since NRTIs are usually
inhibitors and substrates of host DNA polymerases as well.
For example, D4T, ddC and ddI can cause mitochondrial DNA
damage through their incorporation into mitochondrial DNA
by DNA polymerase y (Chen and Cheng, 1989; Chen et al.,
1991; Medina et al., 1994). Moreover, the rapid emergence of
drug-resistant mutants is another major limitation for the use
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Fig. 1. Chemical structures of dT, D4T and 4’-Ed4T.

of this group of compounds. For example, a single amino acid
substitution from Methionine-184 to Valine (M184V) of HIV-
1 RT evokes resistance to 3TC up to 1000-fold (Schinazi et
al., 1993); and the Q151M mutation in HIV-1 RT is associ-
ated with multidrug resistance towarding AZT, ddC and ddI
(Ueno et al., 1995). These examples illustrate the urgent need
in developing new compounds with less cytotoxicity and more
potent antiviral effects, especially against the drug-resistant viral
strains.

In the search for new antiviral compounds, 4 -Ed4T (Fig. 1),
a novel D4T analog, was found to have 5-fold more anti-HIV-
1 effect than its parent compound D4T. In addition 4’-Ed4T
had a lower cellular and mitochondrial toxicity than D4T based
on phenotypic drug susceptibility studies (Haraguchi et al.,
2003; Dutschman et al., 2004; Nitanda et al., 2005) although
the underlying mechanism was poorly understood. 4'-Ed4T
was also found to be active against many drug-resistant HIV-
1 strains, in which the RT bears amino acid substitutions such as
M184V (3TC-resistant) and A62V/V75I/F77L/F116Y/Q151M
(multidrug-resistant) (Nitanda et al., 2005). The potency of 4'-
Ed4T against HIV-1 with M184V RT mutation is about 3-5
times less than that against wt HIV-1(Nitanda et al., 2005).
Recent studies on the metabolism of 4'-Ed4T from our labo-
ratory also showed that this compound could be phosphorylated
stepwise to its mono-, di- and triphosphate forms by host kinases
(Chih-Hung Hsu et al., unpublished results). The formation of
4/-Ed4TTP implies that 4’ -Ed4T could be incorporated into viral
DNA by HIV-1 RT and serve as a DNA chain terminator, in the
same way as other dideoxynucleoside analogues.

The steady-state inhibition profile of DATTP has been deter-
mined using the single-nucleotide incorporation assay by others
(Ueno and Mitsuya, 1997). Here we performed the same assay
to study the effects of 4'-Ed4T on RNA-dependent and DNA-
dependent DNA syntheses by HIV-1 RT and compared with that
of DATTP. We also examined the effect of 4'-Ed4T on the RNase
H activity of RT as well as the inhibitory effects of 4'-Ed4TTP
on five major human DNA polymerases (pol «, B, v, 9, €).

2. Experimental procedures
2.1. Materials

4’-Ed4T was synthesized in the laboratory of Dr. Hiromichi
Tanaka, School of Pharmaceutical Sciences, Showa University,

Tokyo, Japan (Haraguchi et al., 2003); D4AT was purchased from
Sigma—Aldrich (St. Louis, MO). The mono-, di- and triphos-

phate forms of 4'-Ed4T and D4T were synthesized and purified
following the protocol of Krishnan et al. (2002). The purity of
these compounds was verified by HPLC analysis. [y->2P]ATP
and [a->?P]dTTP were purchased from NEN Life Sciences
Company (Boston, MA). dNTPs were purchased from Amer-
sham/Pharmacia (Piscataway, NJ). All other chemicals used
were of analytical grade.

The DNA oligonucleotides (23, 36 and 60 mer) shown in
Table 1 were synthesized and gel-purified by the Keck Facility
at Yale University. The 36-mer RNA oligonucleotide (Table 1)
was synthesized and gel-purified by New England Biolabs
(Ipswich, MA). Activated calf thymus DNA was purchased from
Sigma—Aldrich. T4 polynucleotide kinase was purchased from
New England Biolabs. HIV-1 wt RT and M 184V proteins as well
as recombinant human DNA polymerase y were purified accord-
ing to previously published method (Murakami et al., 2004).
DNA polymerase « in a 4-subunit protein complex including
p180 (pol o), p68, p58 and p48 subunits purified from HelLa
cells was a gift from Dr. Teresa Wang at Stanford University;
recombinant human DNA polymerase (3 was kindly provided
by Dr. Joann Sweasy at Yale University; recombinant human
DNA polymerase 8 (a 4-subunit complex), proliferating cell
nuclear antigen (PCNA) as well as poly dA/Oligo dT were kindly
provided by Dr. Bin Xie and Dr. Marietta Lee at New York
Medical College. Human DNA polymerase & was purified from
HO cells using a protocol described previously (Huang et al.,
1990).

2.2. Preparation of DNA/RNA and DNA/DNA duplexes

For cold DNA/RNA and DNA/DNA P/T, the purified primer
was annealed with the template in a molar ratio of 1:1.3 at
80°C for 4 min and then 50 °C for 30 min. For radio-labeled
DNA/RNA or DNA/DNA P/T, the primer was first labeled at
5'-end with y-32P-ATP by T4 polynucleotide kinase and then
annealed to its complementary template.

2.3. Steady-state single nucleotide incorporation assays for
Ky and keqr determination by HIV-1 RT

All enzymatic reactions in this study were carried out in
the standard reaction buffer containing 50 mM Tris—HCl, pH
8.0, 60 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.1 mg/ml BSA.
Unless otherwise mentioned, all the concentrations reported
in this study were final concentrations after mixing. In the
steady-state single nucleoside incorporation assays for Ky, and
kcat determination by HIV-1 RT, a mixture containing 250 nM
23/36 mer P/T (DNA/RNA or DNA/DNA duplex, with primer
5/-32P Jabeled, see Table 1), and various concentrations of dTTP,
DATTP or 4-Ed4TTP in the standard reaction buffer was pre-
incubated at 37 °C, and the reaction was initiated by adding
2.5nM wt or mutant RT. Aliquots (4 nl each) were removed at
different times, and mixed with 2 pl gel loading buffer (98% for-
mamide, 10 mM EDTA, 0.05% xylene cyanol FF and 0.05% bro-
mophenol blue) to stop the reaction. The products were resolved
by electrophoresis on a 20% polyacrylamide gel containing
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Table 1
Sequences of oligonucleotide substrate used in this study
P/T Sequence
DNA/RNA 5’ -TCAGGTCCCTGTTCGGGCGCCAC-3"
23/36mer 3’ -CGAAAGUCCAGGGACAAGCCCGCGGUGACGAUCUCU-5"
DNA/DNA 5’ -TCAGGTCCCTGTTCGGGCGCCAC-3"
23/36mer 3’ -CGAAAGTCCAGGGACAAGCCCGCGGTGACGATCTCT-5"
DNA/RNA 5’ -TGGTTTCCCTTTCGCTTTCAGGTCCCTGTTCGGGCGCCACTGCTAGAGATTTTCCACACT -3
60/36mer 3’ -CGAAAGUCCAGGGACAAGCCCGCGGUGACGAUCUCU-5

50% urea, and then quantified by phosphorimaging (Molecu-
lar Dynamics or Bio-Rad).

2.4. Steady-state inhibition of the polymerase activities of
RT and host DNA polymerases

For inhibition of polymerase activity of RT, the reaction mix-
ture contained 250 nM 23/36 mer P/T (DNA/RNA or DNA/DNA
duplex), various concentrations of [@-32P]-dTTP and various
concentrations of inhibitor. The reaction was initiated by adding
2.5nM RT at 37 °C. Aliquots (4 p.l each) were removed at differ-
ent times, and mixed with 2 n1 0.5 M EDTA to stop the reaction.
Then 3 pl of each sample was spotted onto DES81 filter paper.
The filter paper was subsequently washed 3 times with 0.5M
NayHPOy4, pH 7.0, dried and exposed to a phosphor imager
screen. The amount of incorporated dTTP was quantified by
phosphorimaging.

Assays for inhibition of host DNA polymerases were per-
formed similar to the RT inhibition assays described above, with
0.3 uM [oc-32P]-dTTP, various concentrations of inhibitor, a suit-
able amount of each kind of DNA polymerase and 0.1 mg/ml
activated calf thymus DNA (except for assays to inhibit DNA
polymerase 8, where 0.4 wM poly dA/oligo dT was used instead
because of the low activity of pol & with calf thymus DNA).

2.5. RNase H activity assay

RNA 36mer (Table 1) was 5'-32P labeled, annealed with
either DNA 23 mer or DNA 60 mer (Table 1) to generate a
DNA/RNA 23/36 mer with DNA recessed at the 3’-end or a
DNA/RNA 60/36 mer with RNA recessed at the 5’-end. The
reaction mixture contained 250 nM P/T, various concentrations
of 4-Ed4TMP, -DP, -TP or other nucleoside analogues (i.e.
DAT). The reaction was initiated by adding 2.5 nM RT at 37 °C.
Aliquots (4 pl each) were removed at different times, stopped
and then gel-analyzed.

2.6. Data analysis
The steady-state kinetic parameters were determined from

linear steady-state velocities using GraphPad Prism program
(GraphPad Software Inc., San Diego, CA).

3. Results

3.1. Comparison of the inhibitory effects of 4'-Ed4TTP on
RT activity during RNA-dependent and DNA-dependent
DNA synthesis

Based on the structural similarity between 4’'-Ed4T and D4T
(Fig. 1), we anticipated that the anti-HIV activity of 4-Ed4T
would come from the inhibitory effect of its triphosphate form
against HIV-1 RT, in the similar way as D4T. To prove this
hypothesis, the effects of 4’-Ed4TTP on RNA-dependent DNA
synthesis catalyzed by RT were investigated under steady-state
condition. When 1 wM dTTP was used for DNA synthesis by RT,
4'-Ed4TTP inhibited RT activity with an ICsg value of 0.2 uM
(Fig. 2A, upper panel), 50-fold less than DATTP, which had an
ICsg value of 10 uM (Fig. 2A, lower panel). While 4'-Ed4TMP
and 4’-Ed4TDP showed no inhibition to RT activity with con-
centration up to 100 uM (data not shown). Then the type of
inhibition was characterized by measuring the apparent K, and
kear values of dTTP at various concentrations of 4’-Ed4TTP.
With DNA/RNA P/T, 4'-Ed4TTP competitively inhibited dTTP
incorporation with a Kj of 0.026 nM, 7-fold lower than the K,
value of dTTP (Fig. 2B and Table 2).

Since HIV-1 RT catalyzes both RNA-dependent and DNA-
dependent DNA syntheses, the K; values of 4-Ed4TTP for RT in
both reactions were determined and compared. In addition, the
K; values of D4TTP were also determined under the same con-
ditions for comparison. The results are summarized in Table 2.
The value of Kjcompound)/Km(arTp) Was used as an index to eval-
uate the inhibition efficiency. A lower K;i/Ky, value indicates
more efficient inhibition. When a DNA/RNA P/T was used,
the Ki/Kqy value of 4’-Ed4TTP was 0.15, 5-fold lower than
the Ki/Ky, value when a DNA/DNA P/T was used, suggesting
that 4’-Ed4TTP inhibits RNA-dependent DNA synthesis 5-fold
more efficiently than it inhibits DNA-dependent DNA synthe-
sis. Similarly DATTP had a K;i/Ky, value of 1.1 for DNA/RNA
P/T, and 3.1 for DNA/DNA P/T. The D4TTP inhibition results
were in agreement with those reported previously (Ueno and
Mitsuya, 1997). Overall, the inhibitory efficiency of 4-Ed4TTP
was 7-fold higher than that of D4TTP with DNA/RNA P/T, and
4-fold higher with DNA/DNA P/T as judged by their Ki/Kn,
values.
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Fig. 2. Inhibition of RT by 4-Ed4TTP and D4TTP. The steady-state inhibition of
RT activity experiments were performed as described in Section 2. (A) Compari-
son of the inhibitory effect of 4'-Ed4TTP and DATTP when 1 uM dTTP, 250 nM
DNA/RNA 23/36 mer (Table 1) and 2.5 nM wt RT were used. The 1Csq for 4'-
Ed4TTP and D4TTP were 0.2 and 10 uM, respectively. (B) Lineweaver—Burk
plots showed that 4-Ed4TTP competitively inhibited dTMP incorporation by
wt RT with a K; value of 0.026 uM, 7-fold lower than the Ky, value of dTTP. The
experiments were performed as described in Section 2 with 250 nM DNA/RNA
23/36 mer as P/T.

3.2. Comparison of the inhibitory effects of 4'-Ed4TTP on
wt and M 184V mutant RT

Since our phenotypic drug susceptibility assay demonstrated
that 4’ -Ed4TTP was 3- to 11-fold less efficient against the 3TC-
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Fig. 3. Utilization of 4'-Ed4TTP, DATTP and dTTP for primer extension by
RT. The formation of 24 mer in the presence of 4'-Ed4TTP indicated that 4’-
Ed4TTP was used by RT for DNA synthesis. The incorporation efficiency of
4/-Ed4TMP was lower compared with that of D4TMP and dTMP. The exper-
iments were performed under single nucleotide incorporation assay condition
with 250 nM DNA/RNA 23/36 mer, 5nM RT and 1 uM 4'-Ed4TTP, DATTP or
dTTP, respectively, as described in Section 2.

resistant HIV-1 mutant strain M 184V than the wt HIV-1 strain
((Nitanda et al., 2005; Dutschman et al., unpublished results), it
was of interest to examine the inhibitory effects of 4’-Ed4TTP on
M184V mutant RT. Therefore, we compared the kinetic param-
eters of the wt RT and M 184V mutant to better understand the
correlation between drug susceptibility assays and kinetic stud-
ies. The results are summarized in Table 2. With a DNA/RNA
P/T, the K;/K, value of 4’-Ed4TTP for M184V RT mutant was
0.42, showing a 3-fold increase compared to wt RT. With a
DNA/DNA P/T, the K;/K,, value of 4-Ed4TTP for M184V
mutant was 1.4, showing a 2-fold increase compared to wt RT. In
contrast, D4TTP had decreased K;/K, values for M184V mutant
compared to wt RT with both DNA/RNA and DNA/DNA P/T.
These results were in good agreement with the results from drug
susceptibility assays (Nitanda et al., 2005; Dutschman et al.,
unpublished results).

3.3. Incorporation of 4'-Ed4TMP into the nascent DNA
strand by HIV-1 RT

Since 4'-Ed4TTP competitively inhibited dTTP incorpora-
tion, it was necessary to know if 4-Ed4TTP was a substrate of
RT for DNA synthesis as well. We found that the DNA primer
(23 mer) in the DNA/RNA P/T was elongated to a 24 mer by
RT in the presence of 1 M 4'-Ed4TTP (Fig. 3, upper panel)
indicating that 4’-Ed4TMP was incorporated into DNA by RT,
base-pairing with AMP from the template strand. However, the
incorporation efficiency of 4’-Ed4TMP by RT was lower than
that of D4TMP and dTMP (Fig. 3, middle and lower panels).
A DNA primer with 4-Ed4TMP at the 3’-end in a DNA/RNA

Table 2
Kinetic parameters for inhibition of wild type RT and M184V mutant by 4-Ed4TTP and D4TTP
Enzyme, P/T Wild type M184V

DNA/RNA DNA/DNA DNA/RNA DNA/DNA

K; (nM) Ki/Km Ki (nM) Ki/Km Ki (nM) Ki/Km K (nM) Ki/Km
DATTP 0.19 1.1 3.7 3.1 0.070 0.44 1.2 2.4
4'-Ed4TTP 0.026 0.15 0.9 0.7 0.067 0.42 0.7 1.4
K @rtp) (LM) 0.17 1.2 0.16 0.52

The K; and K, values represent means from at least three independent experiments with standard deviation less than 20%.
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Table 3
Steady-state kinetic parameters for 4-Ed4TMP, D4ATMP and dTMP incorporation by wt RT and M 184V mutant
Compound Wild type RT M184V
K (1M) keat (571) keal/ K (pM~"'s71) K (LM) kear (571 kea/ K (pM~"'s71)
4'-Ed4TTP 0.16 0.008 0.05 0.28 0.006 0.02
DATTP 0.12 0.021 0.18 ND? ND ND
dTTP 0.17 0.021 0.12 0.16 0.005 0.03

The K and k¢, values represent means from at least three independent experiments with standard deviation less than 20%.

2 ND, not determined.

P/T could not be elongated in the presence of all four kinds of
dNTPs indicating that 4'-Ed4TMP became a DNA chain termi-
nator once it was incorporated into the DNA strand (data not
shown).

The steady-state kinetic parameters for 4’-Ed4TMP incor-
poration by wt RT as well as by M184V mutant were deter-
mined with DNA/RNA P/T. The results were compared with
the kinetic parameters obtained from D4TMP and dTMP incor-
poration by RT. As shown in Table 3, with wt RT, the Ky, of
4’-Ed4TMP incorporation (0.16 uM) was identical to the K,
of dTMP incorporation, but slightly higher than the Ky of
D4TMP incorporation. The kcy of 4-Ed4TMP incorporation
was 0.008 s, 2.5-fold less than the ke of DATMP and dTMP
incorporation (both were 0.021 s~!). With M184V mutant, the
K, of 4-Ed4TMP incorporation (0.28 M) was 1.7-fold higher
than the Ky, of dTMP incorporation, while its kco¢ was 0.006 sl
close to the k¢ of dTMP incorporation.

3.4. Inhibition of host DNA polymerases by 4'-Ed4TTP

In order to understand the much lower cellular toxicity of
4'-Ed4T compared with D4T, the effects of 4-Ed4TTP on five
major human DNA polymerases were also examined, including
the recombinant DNA polymerases 3, y and 8 as well as the
endogenous DNA polymerase a in a 4-subunit complex purified
from HeLa cells, and the DNA polymerase € partially purified
from H9 cells. As shown in Table 4, 4'-Ed4TTP exhibited no
inhibition on DNA polymerase a, 3 and & with the concentration
of 4-Ed4TTP up to 100 uM, and the ICsq value for pol & was
about 60 WM. It is worth noting that 4’ -Ed4TTP could inhibit pol
v with an ICsq at about 100 wM, 100-fold greater than that of

Table 4
Action of 4-Ed4TTP on major human DNA polymerases

DNA polymerase IC50(}LM)ﬂ’h
4'-Ed4TTP DATTP ddTTP Aphidicolin
a >100 >100 ND¢ 5
B >100 1 0.3 ND
v ~100 1 1 ND
d 60 40 >100 ND
e >100 >100 ND 5

2 The ICs values represent means from at least three independent experiments
with standard deviation less than 20%.

Y When 0.3 uM dTTP was used in the assays.

¢ ND, not determined.

either D4TTP or ddTTP. These results indicate that 4’-Ed4TTP
in general is a much weaker inhibitor against major host DNA
polymerases compared with DATTP and ddTTP.

3.5. Effect of 4-Ed4T on RNase H cleavage

Since the RNase H activity of HIV-1 RT removes the RNA
template once the cDNA is synthesized, it was of interest to
examine if 4-Ed4T had any impact on the RNase H activity
of RT. Two modes of RNase H cleavage have been described
(Archeretal., 2001): (i) DNA 3’-end directed RNase H cleavage
when DNA 3’-end is recessed; (i) RNA 5’-end directed RNase
H cleavage when RNA 5'-end is recessed. By annealing the 5'-
[32P] labeled 36 mer RNA with either a 23 mer DNA (to produce
DNA 3’-end recessed P/T) or a 60 mer DNA (to produce RNA
5’-end recessed P/T), we were able to examine the effect of 4'-
Ed4T on these two modes of RNase H cleavage. We compared
the patterns of RNA cleavage products as well as the relative
rates at which these products were formed under different con-
centrations of 4’-Ed4TMP, -DP and -TP forms (concentration
range from 0 to 100 uM). Under these conditions there was
no significant change in the product pattern or in the rate of
product formation (data not shown). These results indicated that
4'-Ed4T had no significant impact on the RNase H activity of
HIV-1 RT. Furthermore, by 3>P-labeling the 5'-ends of both the
RNA template and the 23 mer DNA primer, we were able to
monitor the RNase H activity as well as the polymerase activ-
ity of RT simultaneously when nucleoside triphosphates were
present in the reaction. Our results showed that the rate of RNA
template degradation by RNase H activity was much slower than
the rate of dTMP, D4TMP or 4'-Ed4TMP incorporation under
our standard assay conditions (data not shown). This was con-
sistent with previous observations (Kati et al., 1992; Kerr and
Anderson, 1997; Vaccaro et al., 2000), and it also suggested that
minor degradation of RNA template would not interfere with
the results obtained from DNA polymerization assays.

4. Discussion

4/-Ed4T was previously shown to be more active against HIV-
1 replication and much less toxic to host cells than D4T by
phenotypic drug susceptibility studies (Dutschman et al., 2004;
Nitanda et al., 2005) with the underlying mechanism unclear.
Our study is the first to elucidate the exact mechanism of its
antiviral activity through detailed steady-state enzymatic analy-
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ses. Itis not surprising that 4'-Ed4T had no impact on the RNase
H activity of RT, while its triphosphate metabolite, 4’-Ed4TTP
exerts its anti-HIV-1 activity via an inhibitory effect on RT like
other NRTTs. However, it is noteworthy that 4’-Ed4TTP, with the
addition of a single ethynyl group at the 4’ position of D4TTP,
differs from D4TTP regarding its inhibitory effects on RT and
host DNA polymerases in several ways.

First, 4-Ed4TTP showed much stronger inhibition on RT
than D4TTP, especially with DNA/RNA P/T (Table 2). The K;
values for 4-Ed4TTP and D4TTP to inhibit RT with DNA/RNA
P/T was 35-fold lower than the Kj values with DNA/DNA
P/T (Table 2) indicating that 4-Ed4TTP and D4TTP bind to
RT-DNA/RNA complex much tighter than they bind to RT-
DNA/DNA complex. This is probably due to the conformation
of a DNA/RNA P/T complexed with HIV-1 RT differs from that
of a DNA/DNA P/T complexed with HIV-1 RT. It also suggests
that 4'-Ed4TTP exerts its antiviral activity mostly through the
inhibition of the reverse transcription of HIV-1 RNA genome
other than through the inhibition of the subsequent DNA repli-
cation step by RT.

Extensive studies with 4’-substituted 2’-deoxy nucleosides
demonstrated the superior potency of the 4’-ethynyl substitu-
tion against HIV-1 (Ohrui et al., 2000; Kodama et al., 2001;
Haraguchi et al., 2003), implying strong binding of these
nucleoside analogues to RT. Similarly, 1-(3-C-ethynyl-f3-p-ribo-
pentofuranosyl) cytosine (Ecyd or TAS-106), an analogue of
cytidine, exerts strong antitumor activity through its triphos-
phate form, ECTP, which competitively inhibited human RNA
polymerases (Tabata et al., 1997; Matsuda et al., 1999; Takatori
etal., 1999; Shimamoto et al., 2001). However, it is still unclear
how the inhibition efficiency of NRTIs on RT could markedly
increase with 4'-ethynyl substitution. The crystal structure of
RT-P/T-4'-Ed4TTP ternary complex should assist in addressing
this question.

Second, in spite of the much lower K; value for 4-Ed4TTP to
inhibit RT compared with that for DATTP, the efficiency of 4'-
Ed4TMP incorporation by RT with DNA/RNA substrate was 3-
fold lower than that of D4ATMP incorporation as judged by their
steady-state kco(/Kpy, values (Table 3). The difference between the
inhibition and incorporation efficiencies of 4’-Ed4TTP implies
that the binding of 4’-Ed4TTP to RT-P/T complex is a more
important factor than actual 4'-Ed4TTP incorporation. Similarly
the steady-state K, value for AZTMP incorporation by RT is
100-fold higher than the K; value for AZTTP to inhibit S TMP
incorporation by RT (Kedar et al., 1990).

Third, 4’-Ed4TTP inhibited the 3TC-resistant RT mutant,
M184V 2- to 3-fold less efficiently than wt RT; on the other
hand, D4TTP inhibited M184V mutant about 2-fold more effi-
ciently than wt RT (Table 2). The results of these inhibition
assays were consistent with phenotypic drug susceptibility stud-
ies (Dutschman et al., 2004; Nitanda et al., 2005), further
supporting the notion that 4-Ed4TTP is the active metabolite
targeting on HIV-1 RT. Similar results were also obtained with
4'-C-ethynyl ddCTP, which inhibited RT M184V mutant with
less efficiency than wt RT (Siddiqui et al., 2004). With the crys-
tal structure of 4’-C-ethynyl ddCTP available, both the D- and
L-enantiomers of this compound were docked into the active site

of HIV-1 RT-DNA/DNA-nucleotide ternary complex (Siddiqui
etal., 2004). According to the computer modeling study, the 4'-
ethynyl group was close to Met184 in wt RT, but in the model
of M184V mutant, the 4'-ethynyl group of the D-enantiomer
showed some negative steric interaction with Val184. When the
L-enantiomer was docked into the M184V mutant, there was
a steric clash between the ethynyl group and Vall84, which
was used to explain the lack of inhibition on M184V by the
L-enantiomer. However, our kinetic measurements showed that
the K; values for wt and M184V RT with DNA/DNA P/T were
similar (Table 1), suggesting 4’-Ed4TTP binding to RT was not
disturbed by substitution of Met184 with Valine. Furthermore,
this model was unable to explain why nucleoside analogues with
the addition of 4’-ethynyl group showed such greatly increased
inhibitory effect on RT compared to their parental compounds.
Again the crystal structure of RT-P/T-4’-Ed4TTP ternary com-
plex should provide answer to this question.

Last, 4-Ed4TTP showed no or weak inhibitory effect on
major host DNA polymerases. The triphosphate derivatives of
many NRTIs are also substrates of human DNA polymerases,
resulting in inhibition of cellular DNA synthesis. Martin et al.
(1994) compared the effects of 16 NRTIs including D4T on the
activities of host DNA polymerases «, [3, € and . Their study
showed that D4TTP inhibited pol y much more efficiently than
it inhibited pol o and €. This data was consistent with the con-
clusion from cell culture studies, which demonstrated that the
cellular toxicity of D4T was related to mitochondrial DNA dam-
age (Chen and Cheng, 1989; Chen et al., 1991; Medina et al.,
1994; Johnson et al., 2001). In our study, we found that the ICs
values for 4'-Ed4TTP to inhibit pol vy and pol B were both at
least 100-fold greater than that for DATTP (Table 4), consis-
tent with the observation that 4'-Ed4T caused much less cellular
toxicity and mitochondrial DNA loss than D4T in cell culture
studies (Dutschman et al., 2004). It will be of interest as well
to investigate the mechanism underlying pol 3 and pol vy inhi-
bition by D4TTP, given the lack of inhibition by its derivative,
4/'-Ed4TTP.

In summary, 4’-Ed4TTP is a substrate of RT serving as
a DNA chain terminator. Compared with D4TTP, it is a
much more potent competitive inhibitor against RT with lit-
tle inhibitory effect on major host DNA polymerases. The
inhibitory effects of 4-Ed4TTP on RT, further quantified herein,
argue strongly for its role as the active metabolite of 4'-Ed4T
against HIV-1.
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