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The novel antiretroviral 40-ethynyl-2-fluoro-20-deoxyadenosine (EFdA) is a potent nucleoside HIV-1
reverse transcriptase (RT) inhibitor (NRTI). Unlike other FDA-approved NRTIs, EFdA contains a 30-hydro-
xyl. Pre-steady-state kinetics showed RT preferred incorporating EFdA-TP over native dATP. Moreover, RT
slowly inserted nucleotides past an EFdA-terminated primer, resulting in delayed chain termination with
unaffected fidelity. This is distinct from KP1212, another 30-hydroxyl-containing RT inhibitor considered
to promote viral lethal mutagenesis. New mechanistic features of RT inhibition by EFdA are revealed.

� 2014 Elsevier B.V. All rights reserved.
Nucleoside reverse transcriptase inhibitors (NRTIs) represent an
important class of HIV-1 reverse transcriptase (RT) targeted ther-
apy for treating HIV infection. All FDA-approved NRTIs lack a 30-hy-
droxyl moiety that terminates DNA chain extension upon
incorporation into the growing proviral DNA. Many NRTIs cause
significant toxicity, often due to their interactions with the human
mitochondrial DNA polymerase c (pol c) (Apostolova et al., 2011;
Johnson et al., 2001; Nakata et al., 2007). A novel antiretroviral
compound, 40-ethynyl-2-fluoro-20-deoxyadenosine (EFdA) (Fig. 1),
has shown potency several orders of magnitude superior to the
NRTIs currently prescribed against HIV-1 (Nakata et al., 2007)
and low toxicity (Ohrui et al., 2007; Zhang et al., 2013). We have
shown that EFdA is highly favored by RT (Michailidis et al.,
2009), and incorporation by pol c is nearly negligible (Sohl et al.,
2012b), indicating a favorable compromise of RT potency and
low pol c-mediated toxicity. EFdA is currently under clinical devel-
opment by Merck & Co. with Yamasa Corporation, Chiba, Japan.

Despite the promise of EFdA, characterization of the molecular
mechanism of inhibition of RT has been limited to steady-state ki-
netic studies (Michailidis et al., 2009, 2013; Nakata et al., 2007),
which report only on the rate-limiting step (in this case, product
release). Here we use pre-steady-state kinetic analysis to deter-
mine critical kinetic parameters such as the maximum rate of ana-
log incorporation, kpol, the binding affinity of the incoming
nucleotide or analog for the enzyme, Kd, and the efficiency of incor-
poration, kpol/Kd, combined with extension, fidelity, and ATP and
pyrophosphate (PPi)-mediated resistance studies to understand
the mechanism of EFdA inhibition of RT.

Single-turnover conditions with enzyme in excess of primer/
template substrate were used to determine the kpol and Kd for sin-
gle nucleotide or analog incorporation. A pre-incubated mixture of
RT (purified as described previously) (Kerr and Anderson, 1997)
and 50-radiolabeled DNA primer/template substrate (Ray et al.,
2002) were rapidly combined with excess magnesium chloride
and varying concentrations of dATP or EFdA-TP (Fig. 1) using a
RQF-3 rapid chemical quench (Kintek Instruments) for incubations
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Fig. 1. Reagents used in the kinetic studies. (A) Chemical structures of dA and and
the dA analog EFdA. An additional RT inhibitor containing a 30-hydroxyl group, the
dC analog KP1212, is also shown. (B) The D21/D36 primer/template substrate used
in the incorporation and extension experiments. The asterisk indicates the
radiolabel at the 50 primer end, and the ‘‘X’’ denotes the site of incorporation of
the incoming EFdA-TP or dATP. For the extension past EFdA and phosphorolytic
studies, a pre-incorporated EFdAMP present at the primer ‘‘X’’ site (primer-
EFdAMP/template substrate) is used.
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ranging from 0.01 s to 3 s. Following reaction quenching with EDTA
(0.34 M final), separation on a 20% polyacrylamide denaturing gel,
and analysis via phosphorimaging (Bio-RAD Molecular Imager FX),
plots of product formation versus time were generated and fit to
single-exponential equations to determine the observed rates of
polymerization (kobs) for varying concentrations of dATP or EFdA-
TP (KaleidaGraph). Hyperbolic fits of kobs versus concentration
plots yielded kpol and Kd values (Table 1).

RT incorporated EFdA-TP over twofold more efficiently than
dATP (Table 1). To date, only two other RT inhibitors are preferen-
tially inserted over the native nucleotide by RT: 20,30-didehydro-30-
deoxythymidine (d4T) (Vaccaro et al., 2000) and 20,30-didehydro-
30-deoxy-40-ethynylthymidine (Ed4T) (Sohl et al., 2012a). Based
on findings of high potency (Nakata et al., 2007; Ohrui et al.,
2007) and our results indicating efficient RT incorporation, we pro-
pose low doses of EFdA can be effective in HIV patients, minimizing
toxicity (Nakata et al., 2007). Additionally, while RT is extremely
poor at discriminating EFdA-TP from dATP (Table 1), discrimina-
tion by pol c is over 9000-fold better than RT, indicating nearly
negligible analog incorporation in the presence of native nucleo-
tides. NMR studies suggest this difference in discrimination by
pol c relative to RT may come from the 40-ethynyl and 30-hydroxyl
moieties of EFdA (Fig. 1A) which force the sugar into a Northern
puckering conformation. This Northern conformation is preferred
by RT for nucleotide insertion, while Southern puckering is favored
by pol c (Kirby et al., 2013, 2011). In summary, these discrimina-
tion findings support the high clinical potential of EFdA in that neg-
ligible incorporation by pol c should lessen mitochondria-based
toxicity.

EFdA is not the first proposed RT inhibitor to contain a 30-hydro-
xyl group; a second RT inhibitor under development, KP1212
(Harris et al., 2005), also contains this moiety (Fig. 1A). In contrast
to EFdA, RT incorporated KP1212 14-fold less efficiently than dCTP
Table 1
Pre-steady-state rate constants for incorporation of EFdA-TP or dATP by RT and pol c.a

Enzyme Nucleotide
or analog

kpol (s�1) Kd (lM) Efficiencyb

(lM�1 s�1)
Discriminationc

RT dATP 8.0 ± 0.7 3.8 ± 0.8 2.1 0.47
EFdA-TP 5.8 ± 0.3 1.3 ± 0.2 4.5

pol cd dATP 220 ± 16 3.2 ± 0.7 69 4.300
EFdA-TP 0.29 ± 0.02 18 ± 4 0.016

a Kinetic parameters determined from at least eight (RT), or at least seven (pol c)
single turnover experiments with varying dATP or EFdA-TP concentrations.

b Efficiency = kpol/Kd.
c Discrimination = efficiencydATP

efficiencyEFDA.
d Sohl et al. (2012b).
(Murakami et al., 2005). Human polymerase selectivity for KP1212
was poorer as well when compared to EFdA; pol c incorporated
KP1212 26-fold less efficiently than dCTP, which is less than a two-
fold difference compared to RT discrimination (Murakami et al.,
2005). Thus we propose the 40-ethynyl group imparts more influ-
ence than the 30-hydroxyl in contributing to the very high level dis-
crimination by pol c and highly efficient incorporation by RT.

In addition to changes in incorporation efficiencies, the antiviral
inhibitors containing 30-hydroxyl groups have other unique mech-
anisms of action. KP-1212 propagates error-prone G to A and A to G
substitutions leading to lethal viral mutagenesis (Murakami et al.,
2005; Mullins et al., 2011). Entecavir, a 20-deoxyguanosine analog
used for treating hepatitis B, also supports additional primer elon-
gation by HIV RT and has been described as a delayed chain-termi-
nating inhibitor (Domaoal et al., 2008; Tchesnokov et al., 2008).
Thus we hypothesized EFdA may also support primer elongation.
To probe this, RT or exonuclease-deficient pol c (purified as
described previously) (Sohl et al., 2012a) and the DNA primer-
EFdAMP/template substrate (a primer containing a pre-incorpo-
rated EFdA monophosphate (Fig. 1B), prepared as described
previously (Sohl et al., 2012a)) were incubated with a mixture of
dATP, dCTP, TTP, and dGTP (30 lM each) and excess magnesium
chloride. Both pol c (Fig. 2A) and RT (Fig. 2B) completed full exten-
sion (past EFdA) of the primer-EFdAMP/template substrate.
However, pol c could only extend a small amount of the primer-
EFdAMP/template substrate (12% of substrate converted to
product) over the course of the assay, while RT extended 88%.
Remarkably, after only 30 s, RT extended 51% of the primer-
EFdAMP/template, and extension was essentially complete within
1 h (Fig. 2B). By quantifying the amount of fully extended product
over time, an observed rate of complete template extension, kmax,
of 0.0014 ± 0.0002 s�1 was measured for RT, while the small
amount of product formed by pol c generated a kmax = 0.00024 ±
0.00004 s�1.

The rate of incorporation of a single correct nucleotide (dCTP)
past EFdA in the primer-EFdAMP/template was measured for RT
and pol c (Table 2). The kpol for RT was at least 30-fold higher than
for pol c; pol c incorporated dCTP past EFdA so inefficiently that
only an upper limit for kpol could be reliably determined (Table 2).
However, RT fully extended the primer in the presence of physio-
logically relevant concentrations of dNTPs in a timeframe of sec-
onds to minutes, with a more distributive versus processive
mechanism (as shown by laddering, Fig. 2B). This indicates that
Fig. 2. Native nucleotide extension past pre-incorporated EFdA. (A) Extension by
pol c. The rate of formation of the final extended product, kmax, was
0.00024 ± 0.00004 s�1, with 12% of the substrate turned over to product. (B)
Extension by RT. The value for kmax was 0.0014 ± 0.0002 s�1, with 88% of the
substrate turned over to product. For both enzymes, the lanes represent 0 s, 30 s,
10 m, 30 m, 1 h, 2 h, 3 h, and 4 h. Experiments required 100 nM enzyme, 30 lM of
each of the 4 dNTPs, and 25 nM of the primer-EFdAMP/template substrate.



Table 2
Pre-steady-state rate constants for post-EFdA incorporation of a single dCTP (the next
correct nucleotide) by RT and pol c.a

Enzyme kpol (s�1) Kd (lM) Efficiencyb (lM�1 s�1)

RT 0.0064 ± 0.0004 1.9 ± 0.4 0.0034c

pol c 60.0002d N.D. N.D.

a Kinetic parameters determined from nine (RT) or seven (pol c) single turnover
experiments with varying dCTP concentrations.

b N.D.: not determined.
c Incorporation of dCTP after AMP in a similar primer/template has a measured

efficiency of 1.5 lM�1 s�1 (Kim et al., 2012).
d Incorporation of dCTP after AMP in a similar primer/template has a measured

kpol of 72 ± 3 s�1 (Sohl et al., 2013).

Fig. 3. PPi-based removal of an incorporated EFdA by RT. RT (250 nM) removes
EFdA from the primer-EFdAMP/template (50 nM) in the presence of PPi (2 mM)
using a rapid chemical quench. A rate of removal, kremoval, was calculated to be
0.69 ± 0.09 s�1.
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delayed chain termination is one mechanism of inhibition of RT by
EFdA.

The efficiency of incorporation of nucleotides past EFdA by RT is
lower than that seen with the delayed chain terminator entecavir.
A 7-fold drop in efficiency is seen for the incorporation of the next
correct nucleotide past entecavir (Tchesnokov et al., 2008) versus
the over 1300-fold decrease for extension efficiency past EFdA by
RT (Tables 1 and 2). As the koff for DNA dissociation from RT is esti-
mated to be 0.2 s�1 (Kellinger and Johnson, 2011), we expect that
traditional chain termination, in addition to delayed chain termi-
nation, likely contributes to the overall mechanism of RT inhibition
by EFdA. Our findings echo our previous work proposing chain ter-
mination via translocation inhibition that identified minor exten-
sion past EFdA at comparable time points (Michailidis et al.,
2009). Given that nucleotide incorporation efficiency depends on
the primer/template used (Iyidogan and Anderson, 2012), we used
a biologically-relevant primer/template designed to mimic the
polymerization binding site (PBS) for HIV RT. Our results describ-
ing delayed chain termination represent one important example
of the effects EFdA can have on RT; additional mechanisms may
be factors for effective RT inhibition as well.

Slowing extension past EFdA can affect RT using several mech-
anisms, including (1) extremely inefficient extension, which can
promote stalling and dissociation resulting in a similar outcome
as chain termination or (2) error-prone extension reminiscent of
KP1212 (Murakami et al., 2005) promoting viral error catastrophe.
Entecavir, while serving primarily as a delayed chain terminator,
has also been shown to promote some error-prone extension
(Domaoal et al., 2008). Efficiencies of incorporation (Table 2, vide
supra) of dCTP, the next correct nucleotide past EFdA, decreased
approximately 600-fold for RT, with a P106-fold decrease in kpol

for pol c when compared to the incorporation of dATP (Tables 1
and 2). In comparison, the incorporation efficiency for the next cor-
rect nucleotide after KP1212 decreased approximately 3.3-fold and
4.4-fold for RT and pol c, respectively (Murakami et al., 2005). The
nearly 200-fold difference in nucleotide incorporation efficiency by
RT past KP1212 versus past EFdA indicates two unique inhibition
mechanisms at work: while KP1212 functions by inducing muta-
genesis, EFdA substantially slows DNA chain extension.

To determine if incorporation of EFdA alters the fidelity of chain
extension, we assessed misincorporation of dATP or TTP (2 mM)
opposite deoxyguanine in the primer-EFdAMP/template (25 nM)
by RT (100 nM) in excess magnesium chloride. These
misincorporation studies gave apparent kpol (kpol_app) values of
1.3 � 10�3 s�1 for T:G and A:G by RT, which is 4- to 1000-fold
slower than typical RT misincorporation rates (Feng and Anderson,
1999), and no product formation was observed for pol c (same con-
ditions, kpol_app < 4.6 � 10�5 s�1 for T:G and A:G). Overall efficiency
for misincorporation by RT was extremely low due to weak binding
of these nucleotide triphosphates. Thus we conclude that signifi-
cantly slowing extension past EFdA is a primary mechanism of
RT inhibition, rather than a loss of fidelity as seen with KP1212.
A mode of RT-mediated resistance to NRTIs is via phosphoro-
lytic excision, in which RT uses either ATP or PPi to remove the
incorporated inhibitor from the growing DNA strand. We probed
the ability of RT (250 nM) to remove EFdA from the DNA primer-
EFdAMP/template substrate (50 nM, Fig. 1B) in the presence either
ATP (3 mM) or PPi (2 mM sodium pyrophosphate 10 hydrate) and
excess magnesium chloride using a rapid chemical quench in con-
ditions described previously (Ray et al., 2002). The removal by ATP-
mediated pyrophosphorolysis was negligible, while removal with
PPi was significant. We measured a rate of removal of EFdA,
kremoval, of 0.69 ± 0.09 s�1 (Fig. 3). This is similar to the rate of
PPi-based carbovir removal by RT (0.61 s�1) (Ray et al., 2002).
Interestingly, Tchesnokov et al. found that incorporating three
nucleotides past entecavir by RT provided protection from
ATP-mediated removal (Tchesnokov et al., 2008). While a kremoval

was not reported, entecavir removal was not complete even after
1 h (Tchesnokov et al., 2008), indicating a significantly slower rate
than that seen for EFdA removal. Further, the rate of extension past
entecavir by RT is similar to the rate of extension past EFdA (this
rate is an estimate only, as a preincorporated entecavir primer/
template was not used in this study, (Domaoal et al., 2008).) This
indicates that extension past entecavir is likely to be highly favored
over its removal, thereby inhibiting pyrophosphorolysis-based
resistance. In contrast, the rate of incorporation of the next correct
nucleotide past EFdA is over two orders of magnitude slower
(Table 2) than the rate of its removal (Fig. 3). This indicates that
EFdA removal is significantly favored over extension. We conclude
that PPi-based removal of EFdA is a possible mode of resistance.

In summary, EFdA, a potent inhibitor of RT, functions at least in
part by acting as a delayed chain terminator by slowing nucleotide
extension after its highly efficient incorporation. These findings are
similar to that seen with extension past entecavir by RT, although
EFdA incorporation results in slower post-inhibitor incorporation
efficiency and minimal changes in fidelity (Domaoal et al., 2008;
Tchesnokov et al., 2008) relative to entecavir. Pyrophosphorolytic
excision of EFdA by RT is a possible mode of resistance. The striking
discrimination by pol c in contrast with the preference of EFdA
over dATP by RT indicates EFdA is a very promising RT inhibitor
and sets an important benchmark for future NRTIs. Because of this
discrimination profile, EFdA can likely be used in the clinical set-
ting to treat HIV patients with lower doses and minimal mitochon-
drial-based toxicity. Understanding the mechanism of action
employed by EFdA can help in the development and refinement
of combination therapies for treating HIV, in addition to paving
the way for the discovery of other HIV inhibitors with a similar
mechanism.
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