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differential scanning fluorimetry (DSF) (20). As illustrated in
Fig. 5, the order of thermal stability was PRY® > PRP»N

PRDOBN , pR3233/54/84 o pR9799 | pRT26A o pRRETK | ppi-CosA
(To; 53.37 > 52.18 > 51.02 > 50.17 > 48.22 ~ 48.12 > 47.02 >
44,46 °C, respectively). The difference in Ty, values (ATy,) be-
tween PRP*N and PRP?M (1.16 °C) was less than AT, between
PRP®N and PR (7.72 °C), indicating that in terms of thermal
stability, PRP*N is closer to PRP*N compared with the most
unstable PR Thus, PRP*N monomer subunits are likely to
interact at the active site interface and subsequently, at the termini
interface, forming stable dimers. The DSF data, however, showed
that T, value of PRY7?? (48.22 °C) was quite low compared

with that of PRYT (53.37 °C) and PRP®N (51.02 °C), sug-

gesting that PR?7®? dimers are likely to be unstable. The Ty,
value of PR was further lower (44.46 °C), suggesting that
PRIC%4 dimers are also likely to be unstable (Fig. 5 A and B).
Taking the ESI-MS and DSF results together, one can presume
that the present ESI-MS assay detects both unstable (transient)
and stable dimers. Furthermore, the &resent DSF data indicate
that the stability of PR%* and PR*®* dimers was lower than
that of PRP®N dimer (dimer dissociation constant; Kp = 1.3 pM),
suggesting that the Kp values of transient dimers were higher
than 1.3 pM (21). Thus, the present DSF data corroborate the
above ESI-MS data showing that the HIV-1 PR dimerization
process undergoes two steps (Fig. 4).

We previously reported that DRV inhibits not only proteolytic
activity but also PR dimerization, whereas two FDA-approved
anti-HIV-1 drugs, saquinavir (SQV) and nelfinavir (NFV), have
no dimerization inhibition activity as examined with the FRET-
based HIV-1 expression system (Fig. S14) (13). To analyze the
mechanism of the PR dimerization inhibition by DRV, we
therefore examined the binding properties of DRV, SQV, and
NFV with PR™T (Fig. 6 A-D). The ESI-MS spectrum of PRYT
without drugs showed four peaks derived from differently
charged ions, [PRVTI®*, [2PRWT]!F, [PRVTPH4[2PRWVT]!0H
and [2PRYT]* (Fig. 64). In the presence of DRV, four addi-
tional peaks appeared, ([PR¥T+DRV]*", [2PRVT+DRV]'%*,
[PRYT4+DRVP™, and [2PRVYT+DRV]’¥) (Fig. 6B). Additional
analysis of the isotopologue ion peaks with PRP**N in the
presence of DRV confirmed the identity of monomer and dimer
ions, as shown in Fig. S3 F-I and Table S2.

On the other hand, the binding of SQV to PRYT yielded only
two additional peaks, [2PRYT+SQV]'** and [2PRVT+SQV]** (Fig.
6C), indicating that SQV binds only to PRWYT dimers, not to
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monomers. In the presence of NFV, as in the case of SQV, two
additional peaks, [2PRVT4+NFV]'%* and [2PRVT4+NFV]**, were
identified (Fig. 6D). The relatively weak intensity of SQV- and
NFV-bound PR™T dimers is presumably due to their relatively low
binding affinity to PR, as previously demonstrated by Dierynk
et al. (22). Taken together, these data indicate that SQV and NFV
bind to PR™T dimers but not to monomers, and DRV inhibits PR
dimerization by binding to PR monomers in a one-to-one molar ratio.

Highly DRV-resistant HIV-1 isolates we previously generated
in vitro (14) had acquired a unique combination of four amino
acid substitutions (V32I/L33F/I54M/184V), and DRV had de-
creased its binding to PR monomers containing such four amino
acid substitutions (Fig. S1B) (14, 15). We therefore examined

‘whether such four amino acid substitutions altered the binding

profiles of DRV with PR, using ESI-MS. The ESI-MS spectrum
of PR3¥33¥5484 refslded in the absence of DRV showed four

PR dimerization undergoes two steps

In thé Abse'nceg bf DRV

N

In the Presence of,D:R'V'

Initial intermolecular
interactions at the active site
interface

Ensuing intermolecular
interactions at the termini
interface

If PR subunits escape from DRV's

monomer binding and dimerize,
5
o W'Q‘
DRV

DRV binds to dimers
DRV binds to PR monomers and/or dirﬁers '

N
< : ’I’M
s

Fig. 4. The HIV-1 PR dimerization process undergoes two steps, and DRV
inhibits the first step of PR dimerization by binding to PR monomers. PR
subunits initially interact at the active site interface, generating unstably
dimerized PR subunits, and subsequently the termini interface interactions
occur, completing the dimerization process, generating stable PR dimers.
DRV binds in the proximity of the active site interface of PR and blocks
PR subunits dimerization. If PR subunits escape from the DRV’s monomer
binding and dimerize, DRV binds to PR dimers.
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peaks derived from five differently charged ions, [PR**/33%/ 815+, Discussion

PR32/33/54/84]11+, [PR32/33/54/84]S++[2PR32/33/54/84]10+, and

[2PR3¥/3%/54/8419+ (Fig. 34). However, in the presence of
DRYV, only a substantially low peak representing DRV-bound
PR3¥335484 qimers, [2PR¥335484 L DRV]'%, was detected at m/z
2,230.05, and no DRV-bound PR monomers were detected
(Fig. 3B). Thus, it seems that the loss of binding affinity to
PR3233/54/84 in the monomeric form is greater than that in the
dimeric form. Furthermore, we determined whether DRV binds to
a mutated PR containing two substitutions (L97A/F99A; PR"®),
which play important roles for the termini interface interactions but
have no association with DRV resistance. The ESI-MS spectrum of
PR without DRV showed four peaks, [PR*7*I°*, [2PR7°|'™¥,
[PROPI+4[2PR7]%, and [2PR7*|°* (Fig. 3C). However, in
the presence of DRV, four additional peaks appeared, [PR%7*°+
DRV]®, [2PR®+DRV]'®*, [PR/*+DRVT™, and [2PR®"**+
DRV]** (Fig. 3D). Thus, 1.97 and F99 are not critical for DRV’s
monomer binding. The present data showed that the current
ESI-MS method we used in this study is useful in detecting
DRV’s specific binding to PR™™.

Finally, we asked whether DRV had an ability to bind to the
PR precursor protein, Gag-Pol polyprotein, which is produced
through the frame-shifting process in the Gag-encoding gene
translation (Fig. S5 A and B) and subsequently maturates after
the due excision through autoproteolysis (23-26). To examine
the DRV binding to the PR precursor protein, a transframe
precursor form of PR containing D25N substitution, TFR-
PRP®N was constructed (Fig. S5C). In the absence of drugs,
TFR-PRP®N generated [TFR-PRPZNP+ [TFR-PRPZNPH,
[TFR-PRPZN]®* and [TFR-PRP®N|™* (Fig. 3E), indicating that
TFR-PRP>N failed to dimerize, in line with the NMR data
reported by Ishima et al. (19). In the presence of DRV two
additional peaks, [TFR-PRP®N+DRV]** and [TFR-PRP>MN4
DRV]’*, appeared (Fig. 3F), indicating that DRV bound to
TFR-PRP®N monomers. In this regard, Agniswarmy et al. (27)
have shown that the addition of C terminus four amino acids
(PISP) to TFR-PR increases thermal stability of DRV-bound
TFR-PR. In the present study we generated TFR-PRPZN-AA
which contained an additional seven N terminus amino acids
of reverse transcriptase (7AA; PISPIET) at the C terminus of
TFR-PRP*N. The ESI-MS revealed that TFR-PRP>N7A4
formed dimers (Fig. S64), suggesting that the addition of the
seven amino acids allowed TFR-PRP*N-7A4 to dimerize, probably
by giving TFR-PRP#N7A4 proper conformation. The ESI-MS
then showed that DRV binds to both TFR-PRPPN744 monomers
and dimers (Fig. S6B). These results strongly suggest that the loss
of dimerization ability of TFR-PRP®Y resulted in the loss of
DRV’s dimer binding.
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In the present study we constructed three “active site interface
PR mutants” (PRT*%4, PRP®N, and PR®*®*’%) and two “termini
interface PR mutants” (PR*“*** and PR®”*®) and determined
their ESI-MS profiles. In the ESI-MS spectra, the peaks of PRP?N
monomers ([PRPPN]®* and [PRP?N]™*) were greater than those of
PR™T ([PR™T]%* and [PR™?]"") (Fig. 2 4 and C). The peaks of
PRP?*N monomers ([PRP*N]°* and [PRP?*N]7*) were also greater
than those of PRP?N dimers ([2PRP#N]** and [2PRP#N]H+)
(Fig. 2C). The same was true for the cases of PR*“*# and PR?"%°
(Figs. 2F and 3C). These findings suggest that the dimers represent
small components in the three mutated PR species. However, as
assessed using the FRET-based HIV-1 expression assay, PRP?™
dimerization was apparently completely disrupted (13). Of partic-
ular note, the FRET-based system determines the FRET signal
(CFP fluorescence after photobleaching/CFP fluorescence before
photobleaching: CFP*" ratio) in one cell at one time, accu-
mulates ~20-30 cells’ data, and obtains the average of the CFPA®
ratios. Then, if the average value is greater than 1.0, it is judged
that FRET occurred, indicating that PR dimerization took place
within the cell. However, there is variability in the CFPA/® ratios
within the assay data, probably due to, but not limited to (i)
unequal expression of PR proteins; (if) uneven occurrence of
protein—protein interactions (i.e., dimerization); and (jif) differ-
ing compartmentalization of the expressed PR species within the
transfected cell population. Nevertheless, the FRET-based HIV-1
expression assay system only calls whether FRET occurred or did
not occur. Thus, the FRET-based HIV-1 expression assay system
inherently fails to identify the presence of a small amount of
dimers or monomers. Therefore, in the case of PRP®YN, the FRET
signal was determined as “not detected” (13). However, the ESI-MS
system we used in the present study directly and more quanti-
tatively identifies PR monomers and dimers. Thus, the ESI-MS
system correctly recognized both a major fraction of PRP*N
monomers as well as a minor fraction of PRP®N dimers. Ac-
cordingly, increasing the expression of PRP?®N by increasing the
amount of plasmid for transfection does not increase the specific
FRET-based signal, which we have confirmed in our initial con-
ditioning phase of the construction of the system. Both PRT*4
and PR’ failed to dimerize as examined with the FRET-based
HIV-1 expression assay, and no dimerized PR species were seen in
the ESI-MS spectra (Fig. S4 and Table S1). When we examined
the ESI-MS spectra of PRI and PR°7, the peaks of +6
charged monomer ions were much greater than in the PR™T
spectrum; however, PR dimer species were also present (Figs. 2F
and 3C). Moreover, DSF analysis showed that PR and PR?"®
dimers were unstable (Fig. 5). Taking these data together, it is
strongly suggested that the PR dimerization process undergoes
two steps: (i) initial albeit weak intermolecular interactions oc-
curring in the active site interface, and (@) subsequent interactions
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occurring in the termini interface, resulting in the complete and
tight PR dimerization (Fig. 4).

In the present study, we also demonstrated that DRV binds to
PR™T monomers as well as dimers, whereas other “conventional”
PIs, including SQV and NFV, bind only to dimers (Fig. 6 A-D),
confirming that DRV uniquely has dual activity against PR™V":
inhibition of PRW" dimerization and proteolytic activity as pre-
viously described (13). Itis also noteworth¥ that the present data
clearly showed that DRV binds to PRY" monomer subunit in
a one-to-one molar ratio.

We have previously selected highly DRV-resistant HIV-1
variants (HIVpgy®) and identified that HIVpry® had acquired
a unique combination of four amino acid substitutions (V32I/
L33F/154M/I84V) in the proximity of the active site interface of
its PR (Fig. 1) (14). In the present data DRV virtually completely
failed to bind to PR3*3%5*54 monomers, and only a small amount
of DRV-bound PR****°#8* dimers was identified (Fig. 3B).
However, L97A and F99A substitutions did not affect DRV’s
monomer and dimer binding (Fig. 3D). These results indicate
that the binding domain in PR monomers for DRV is located
distantly from the termini interface and is close to the active site
interface, in line with the results of computational results reported
by Huang et al. (28). Thus, the present ESI-MS analysis results
strongly suggest that DRV blocks the first step of the PR di-
merization process involving the active site interface, by binding
to PR monomers in a one-to-one molar ratio (Fig. 4).

We have shown that once stable PR™T dimers are formed,
DRV no longer disrupts the dimers, as examined using the
FRET-based assay (13). To ask whether DRV’s binding to PR™”"
monomers yields sufficient force to block PRWYT dimerization,
the determination of the binding affinity of DRV for the folded
monomers seems to be technically highly challenging. However,
the present ESI-MS data showed that the amount of DRV-
bound PRYT monomers seemed to be greater than that of DRV-
bound PRYY dimers (Fig. 6B). Moreover, we determined the
thermal stability of DRV-bound PRYY, which apparently con-
tains more DRV-bound PR™* monomers than DRV-bound
PRW™T dimers (Fig. 6B). As illustrated in Fig. S7, PR™T was
found to be highly stable as examined using the differential
scanning fluorimetry (DSF), strongly suggesting that DRV fairly
strongly binds to PR™" monomer. The DSF data also suggested
that DRV’s binding to PR™" monomers should have sufficient
force to block PR™" dimerization, inhibiting the formation of
transient dimers. It is of note that if the formation of transient
dimers (first step of the dimerization process) is blocked by
DRV, the formation of stable dimers through the termini in-
terface interactions (second step of the dimerization step) no
longer occurs (Fig. 4). The determination of the exact binding
site of PR monomer for DRV awaits further investigation, such
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as crystallographic analysis of PR monomer complexed with
DRV and other dimerization inhibitors (13, 29, 30).

Louis et al. (24) have recently demonstrated that among
nine FDA-approved PIs, DRV and SQV most potently block
the autoproteolytic processing of the precursor construct
(TFR-PR). Davis et al. (26) also demonstrated that among six
FDA-approved HIV-1 PIs, DRV and SQV most potently block
the initial step of autoproteolytic processing of Gag-Pol poly-
protein by embedded dimerized PR. These data strongly suggest
that DRV and SQV bind to TFR-PR, although the dynamics
of the DRV binding remain elusive (26). In the present work
DRV bound to TFR-PRP*M74 monomers and dimers (Fig.
S6 A and B), in line with the data by Louis et al. (24), and our
data strongly suggest that DRV blocks the autoproteolytic pro-
cessing of Gag-Pol polyproteins through binding to the PR
precursors (monomers and dimers) within the Gag-Pol poly-
protein, contributing to DRV’s potent antiretroviral activity
against HIV-1. As for SQV, which has a greater Kp, value (1.2 X
107 M) for binding to PR™YT than DRV (4.1 x 107" M) (22),
Sayer and Louis (31) have shown that D25N substitution sub-
stantially decreases SQV’s binding affinity to PR. Indeed, the
present ESI-MS data also showed that SQV fails to bind to
PRP#N TER-PRPZN, and TFR-PRPZN744 (Fig. S6C and S8
A-C). Thus the levels of SQV binding to these PR mutants
carrying D25N substitution do not seem to be sufficient to be
detected by ESI-MS.

A few groups have reported PR dimerization inhibitors tar-
geting the terminal interface of PR (9-12). However, none of
such inhibitors have been of clinical utility, probably because PR
dimers, once formed, are highly stable to “de-dimerize” with the
potent dimerization forces in the termini interface (13). On the
other hand, the active site interface interactions play a critical
role for PR dimerization, but the dimers formed are thought
to be relatively unstable. Thus the development of new di-
merization inhibitors targeting the active site interface would be
highly suitable. It is also noteworthy that the ESI-MS approach is
more quantitative than the FRET-based HIV-1 expression system,
and we demonstrated two features: (i) DRV binds to PRW?
monomers and dimers, whereas (i) DRV binds only to TFR-
PRP#N monomers. Thus, ESI-MS analysis is useful in analyzing
how PR monomers and dimers act in the presence or absence of
dimerization-targeting drugs. The new findings demonstrated in
the present study should help understand the mechanism of
HIV-1 PR inhibition and should also help develop novel and
more potent Pls.

Materials and Methods

Vector Construction. The expression vectors containing the HIV-1 PR gene
(PET-TFR-PRyia3, PET-PRyia.z, and pET-PR'®5A) were constructed by using
the In-Fusion HD Cloning Kit (Clontech). The other mutants (PRWT, PRPZN,
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PRT26A, pRP2SN pRRE7K pR32E3/5484 and TFR-PRP?N) were generated using
the PrimeSTAR mutagenesis protocol (TaKaRa). More details are described in
SI Materials and Methods.

FRET Procedure. The generation of the FRET-based HIV-1 expression system
using CFP- and YFP-tagged HIV-1 PR-encoding plasmids we previously
reported (13) is described in S/ Materials and Methods.

Protein Preparation. The protein expression using plasmids we generated was
induced by addition of 1 mM isopropyl f-p-thiogalactopyranoside. PR was
purified by using buffer A (20 mM Tris, 1 mM EDTA, and 1 mM DTT), and
buffer A containing 2 M Urea was used. The expressed PR was solubilized
with 50 mM formic acids (pH 2.8). The unfolded PR refolded with a neu-
tralizing buffer [100 mM ammonium acetate, pH 6.0, 2% (vol/vol) metha-
noll. More details are described in S/ Materials and Methods.

Thermal Stability Analysis Using DSF. In the DSF analysis, the final concen-
tration of refolded PR mutants was 7-10 pM. SYPRO Orange (Life Technol-
ogies) was then added to the PR solution (final concentration of SYPRO
orange: 5x) (20). Thirty microliters of the PR solution was successively heated
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from 25 °C to 95 °C, and changes of the fluorescence intensity were docu-
mented by the real-time PCR system 7500 Fast (Applied Biosystems). More
details are described in S/ Materials and Methods.

Analysis with ESI-MS. MS spectra of PRP®*N with and without DRV were
obtained using a Bio-Tof-Q ESI quadrupole time-of-flight mass spectrometer
(Bruker Daltonics). For the isotopologue ion peak analysis, high-resolution
mass spectrometry was performed on a Bruker SolariX 9.4T FT-ICR MS (for
PRPZNy or a Bruker SolariX 7T FT-ICR MS (for PR™®A and PRR®’X). More
details are described in S/ Materials and Methods.
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The novel antiretroviral 4/-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) is a potent nucleoside HIV-1
reverse transcriptase (RT) inhibitor (NRTI). Unlike other FDA-approved NRTIs, EFdA contains a 3'-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 3’~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 3'-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 vy (pol v) (Apostolova et al., 2011;
Johnson et al., 2001; Nakata et al.,, 2007). A novel antiretroviral
compound, 4'-ethynyl-2-fluoro-2'-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 vy is nearly negligible (Sohl et al.,
2012b), indicating a favorable compromise of RT potency and
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low pol y-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, kg, the binding affinity of the incoming
nucleotide or analog for the enzyme, Ky, and the efficiency of incor-
poration, kp, /K4, 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 k,o and Kj for sin-
gle nucleotide or analog incorporation. A pre-incubated mixture of
RT (purified as described previously) (Kerr and Anderson, 1997)
and 5'-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 3’-hydroxyl group, the
dC analog KP1212, is also shown. (B) The D21/D36 primer/ternplate substrate used
in the incorporation and extension experiments. The asterisk indicates the
radiolabel at the 5’ 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.

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 (kops) for varying concentrations of dATP or EFdA-
TP (KaleidaGraph). Hyperbolic fits of ks versus concentration
plots yielded kpo and Ky 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: 2',3’~-didehydro-3’-
deoxythymidine (d4T) (Vaccaro et al., 2000) and 2’,3'-didehydro-
3'-deoxy-4'-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 vy 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 vy relative to RT may come from the 4’-ethynyl and 3'-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 v (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 y should lessen mitochondria-based
toxicity.

EFdA is not the first proposed RT inhibitor to contain a 3'-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 7.
Enzyme Nucleotide  kpo (sH K4(uM) Efficiency®  Discrimination®
or analog (uM~ 1571
RT dATP 8.0+0.7 3.8:08 21 0.47
EFdA-TP 58+03 13202 45
pol ¢ dATP 220+16 32+07 69 4300
EFdA-TP 029+002 18:4 0.016

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

P Efficiency = kpoi/Ka.

¢ Discrimination = Sicecdit,

9 Sohl et al. (2012b).

(Murakami et al., 2005). Human polymerase selectivity for KP1212
was poorer as well when compared to EFdA; pol vy 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 4'-ethynyl group imparts more influ-
ence than the 3’-hydroxyl in contributing to the very high level dis-
crimination by pol y and highly efficient incorporation by RT.

In addition to changes in incorporation efficiencies, the antiviral
inhibitors containing 3’-hydroxyl groups have other unique mech-
anisms of action. KP-1212 propagates error-prone GtoAand Ato G
substitutions leading to lethal viral mutagenesis (Murakami et al,,
2005; Mullins et al., 2011). Entecavir, a 2’-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 7y (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 pM each) and excess magnesium
chloride. Both pol y (Fig. 2A) and RT (Fig. 2B) completed full exten-
sion (past EFdA) of the primer-EFdAMP/template substrate.
However, pol vy 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 30s, 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+0.0002s™! was measured for RT, while the small
amount of product formed by pol y generated a Kmax = 0.00024 *
0.00004 57",

The rate of incorporation of a single correct nucleotide (dCTP)
past EFdA in the primer-EFdAMP/template was measured for RT
and pol vy (Table 2). The ky for RT was at least 30-fold higher than
for pol v; pol 7y incorporated dCTP past EFdA so inefficiently that
only an upper limit for kp, 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 7y. The rate of formation of the final extended product, kmnax, was
0.00024 + 0.00004 5", with 12% of the substrate turned over to product. (B)
Extension by RT. The value for kpm.x was 0.0014 +0.0002s™", with 88% of the
substrate turned over to product. For both enzymes, the lanes represent 0s, 305,
10m, 30m, 1 h, 2 h, 3 h, and 4 h. Experiments required 100 nM enzyme, 30 uM of
each of the 4 dNTPs, and 25 nM of the primer-EFdAMP/template substrate.
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Table 2
Pre-steady-state rate constants for post-EFdA incorporation of a single dCTP (the next
correct nucleotide) by RT and pol v.*

Enzyme kpot (57 Ky (1M) Efficiency” (WM™ s
RT 0.0064 + 0.0004 19404 0.0034¢
pol v <0.0002¢ N.D. N.D.

2 Kinetic parameters determined from nine (RT) or seven (pol v) single turnover
experiments with varying dCTP concentrations,

5 N.D.: not determined.

¢ Incorporation of dCTP after AMP in a similar primer/template has a measured
efficiency of 1.5 pM~! s~ (Kim et al., 2012).

4 Incorporation of dCTP after AMP in a similar primer/template has a measured
kpot of 72 £3 577 (Sohl et al., 2013).

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 k¢ for DNA dissociation from RT is esti-
mated to be 0.2 5! (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 (lyidogan 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 >10%fold decrease in kpal
for pol ¥ 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 v, 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 (100nM) in excess magnesium chloride. These
misincorporation studies gave apparent Kpoi (Kpoi_app) values of
1.3 x 10735~ 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 y (same con-
ditions, kpor_app < 4.6 x 107> 57! 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.

25 L) ¥ ) L] I 1 1

20

15

10

D21mer, nM (-EFdA)

Time, s

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, Kemova, Was calculated to be
0.69£0.095°",

A mode of RT-mediated resistance to NRTIs is via phosphoro-
Iytic 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,
Kremovan, Of 0.69 £0.09 s~ (Fig. 3). This is similar to the rate of
PPi-based carbovir removal by RT (0.61s7!) (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 Kremovat
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 v 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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(RT) inhibitor with a 3'-OH.

Conclusion: EFdA blocks RT by multiple mechanisms.

.

[Background: 4'-Ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) is a highly potent nucleoside analog reverse transcriptase

Results: EFdA inhibits RT as an immediate or delayed chain terminator depending on the DNA substrate sequence. RT
efficiently misincorporates EFdA, producing non-extendable mismatched primers protected from excision.

Significance: Understanding the EFdA inhibition mechanism will help develop better antivirals.
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4'-Ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) is a nucleo-
side analog that, unlike approved anti-human immunodefi-
ciency virus type 1 (HIV-1) nucleoside reverse transcriptase
inhibitors, has a 3'-OH and exhibits remarkable potency against
wild-type and drug-resistant HIVs. EFdA triphosphate (EFdA-
TP) is unique among nucleoside reverse transcriptase inhibitors
because it inhibits HIV-1 reverse transcriptase (RT) with multi-
ple mechanisms. () EFAA-TP can block RT as a translocation-
defective RT inhibitor that dramatically slows DNA synthesis,
acting as a de facto immediate chain terminator. Although non-
translocated EFdA-MP-terminated primers can be unblocked,
they can be efficiently converted back to the EFdA-MP-termi-
nated form. (b) EFdA-TP can function as a delayed chain termi-
nator, allowing incorporation of an additional ANTP before
blocking DNA synthesis. In such cases, EFdA-MP-terminated
primers are protected from excision. (c¢) EFdA-MP can be effi-
ciently misincorporated by RT, leading to mismatched primers
that are extremely hard to extend and are also protected from
excision. The context of template sequence defines the relative
contribution of each mechanism and affects the affinity of
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EFdA-MP for potential incorporation sites, explaining in part
the lack of antagonism between EFdA and tenofovir. Changes in
the type of nucleotide before EFdA-MP incorporation can alter
its mechanism of inhibition from delayed chain terminator to
immediate chain terminator. The versatility of EFdA in inhibit-
ing HIV replication by multiple mechanisms may explain why
resistance to EFdA is more difficult to emerge.

The enzyme reverse transcriptase (RT) of human immuno-
deficiency virus type 1 (HIV-1)* has been the major target of
antiretrovirals that belong to two general classes referred to as
nucleoside RT inhibitors (NRTIs) and non-nucleoside RT
inhibitors. Currently there are eight approved NRTIs for the
treatment of HIV infection, and these are almost always com-
ponents of first line therapies (1-8). Once phosphorylated,
NRTI triphosphates compete with the natural dNTPs for incor-
poration into the viral nascent DNA chain, and because they
lack a 3'-OH, they inhibit further DNA polymerization by act-
ing as chain terminators. Despite the availability of potent anti-
virals, HIV can escape treatment by developing drug resistance
mutations. Thus, there is a need for potent drugs that block
wild-type and drug-resistant HIVs.

We have shown previously that nucleoside analogs that
retain the 3'-OH group and have a modification at the 4'-posi-
tion of the sugar ring can inhibit HIV-1 RT very efficiently (9).

“The abbreviations used are: HIV-1, human immunodeficiency virus type 1;
NRTI, nucleoside RT inhibitor; EFdA, 4'-ethynyl-2-fluoro-2’-deoxyadeno-
sine; TFV, tenofovir; MP, monophosphate; DP, diphosphate; TP, triphos-
phate; T/P, template/primer; ICT, immediate chain terminator; DCT,
delayed chain terminator; SPR, surface plasmon resonance; N-site, nucle-
otide-binding or pre-translocation site; P-site, primer-binding or post-
translocation site.
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We also reported that 4'-ethynyl-2-fluoro-2'-deoxyadenosine
(EFdA) is a deoxyadenosine analog with anti-HIV efficacy at
subnanomolar concentrations in primary cells, making it the
most potent NRTI described to date (10-13). Unlike all
approved anti-HIV NRTIs, EFdA possesses a 3'-OH, which
mimics the structure of normal dNTPs (see Fig. 14). It has been
demonstrated that this property provides enhanced phosphor-
ylation of the NRTIs by cellular kinases increasing their antivi-
ral efficacy (14). In addition, EFdA has 4'-ethynyl and 2-fluoro
substitutions, which also contribute to its extraordinary selec-
tivity index of about 200,000 as determined after initial antiviral
characterization of a series of 4'-substituted analogs (9, 11). We
have shown that EFdA is resistant to degradation by adenosine
deaminase, providing an enhanced half-life to the compound
compared with other NRTIs (11, 15). EFdA is very effective not
only against wild-type HIV but also against drug-resistant
strains and has displayed synergistic antiviral effects when
combined with other inhibitors such as the recently approved
second generation non-NRTT rilpivirine (16). We have also
shown that EFdA is significantly better than tenofovir (TFV),
zidovudine, and emtricitabine in blocking simian immunodefi-
ciency virus replication in monkey peripheral blood mononu-
clear cells and that it was highly effective at treating simian
immunodeficiency virus infection and AIDS symptoms in sim-
ian immunodeficiency virus-infected macaques with advanced
AIDS with no apparent signs of toxicity (17).

Here we used a series of biochemical experiments and dem-
onstrated that EFdA triphosphate (EFdA-TP) blocks RT with
multiple mechanisms. Specifically, we found that, unlike
approved anti-HIV NRTIs, EFdA-TP can act as a de facto
immediate or delayed chain terminator in a manner that
depends on the sequence of the nucleic acid template. More-
over, EFdA monophosphate (EFdA-MP) is misincorporated by
RT, resulting in mismatched primers that are very difficult to
extend. Finally, the detailed analysis of the versatile mecha-
nisms of RT inhibition by EFdA provides novel insights into a
reduced resistance profile for EFdA because delayed termina-
tion seems to protect EFdA-MP-terminated primers from
excision.

EXPERIMENTAL PROCEDURES
Enzymes, Nucleic Acids, Nucleotides, and Nucleotide Analogs

HIV-1RT was expressed and purified as described previously
(10, 18 —23). RT was expressed in JM-109 cells (Invitrogen) and
purified by nickel affinity chromatography and Mono Q anion
exchange chromatography (24). Oligonucleotides used in this
study were chemically synthesized and purchased from Inte-
grated DNA Technologies (Coralville, IA). Sequences of the
DNA substrates are shown in Table 1. Deoxynucleotide
triphosphates and dideoxynucleotide triphosphates were pur-
chased from Fermentas (Glen Burnie, MD). Concentrations of
nucleotides were calculated spectrophotometrically on the
basis of absorption at 260 nm and their extinction coefficients.
All nucleotides were treated with inorganic pyrophosphatase
(Roche Diagnostics) as described previously (25) to remove
traces of PP, contamination that might interfere with the rescue
assay.
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Active Site Titration of HIV-1 RT

To determine polymerization-competent RT populations
used in this study, we first carried out active site titration assays
using pre-steady state experiments (26, 27). A fixed concentra-
tion of RT (50 nM; determined by absorbance measurements) in
RT buffer (50 mm NaCl and 50 mm Tris-HCI, pH 7.8) was incu-
bated with increasing concentrations of template/primer (T/P;
T 431/P 415 where T 45, is the DNA template of 31 nucleotides in
length annealed to P 4,4, which is a DNA primer of 18 nucleo-
tides in length) followed by rapidly mixing with a solution con-
taining 5 mm MgCl, and 50 pm dATP in the same RT buffer
using a rapid quench-flow instrument (RQF-3, KinTek Corp.,
Austin, TX) at 37°C for 0.005-1 s. The reactions were
quenched by the addition of 150 mm EDTA. The products were
resolved on 15% polyacrylamide and 7 M urea gels. In this and in
subsequent assays, the gels were scanned with a Typhoon FLA
9000 phosphorimaging system (GE Healthcare), and densitom-
etry analysis was performed using ImageQuant TL software
(GE Healthcare). The amounts of extended primer (P) were
plotted against time, and the data were fit to a biphasic equation
(Equation 1) using GraphPad Prism 4.0 (GraphPad Software
Inc., La Jolla, CA) (26),

P=A(1— e k) + k t (Eq. 1)

where A is the amplitude of the burst phase that represents the
E-DNA complex at the start of the reaction, &k, is the observed
burst rate constant for ANTP incorporation, k corresponds to
the steady state rate constant, and ¢ is the reaction time. Next,
the active site concentration and T/P dissociation constant
(Kypnay) were determined by plotting the amplitude (A)
against T/P concentration. The data were fit by non-linear

regression to a quadratic equation,

- \fb-25(Kd(DNA) + [RT] + [DNA])*> — ([RTI[DNA])) (Eq.2)

where [RT] is the concentration of actively binding polymerase
molecules. Subsequent pre-steady state experiments were per-
formed using corrected active site concentrations.

Gel-based Drug Susceptibility Assays: Inhibition of HIV-1 RT-
catalyzed DNA Synthesis by EFdA-TP and ddATP

DNA template was annealed to 5'-Cy3-labeled DNA primer
at a 3:1 molar ratio. For these experiments, we used T 43;/Py;4
and T4,6/P41g+5 where Pyig, - is an 18-mer DNA primer
shifted by five nucleotides relative to the P, 4 primer. Through-
out most of our work, we carried out our analyses using two
types of primers (in this case, Py, gand Py, 5., <) thatallowed us to
interrogate two different template sites where RT incorporates
dAMP or EFdA-MP at different affinities and different translo-
cation efficiencies. To monitor primer extension, the DNA/
DNA hybrid (20 nm) was incubated at 37 °C with RT (20 nMm) in
RT buffer. Varying amounts of EFdA-TP or ddATP were added,
and the reactions were initiated by the addition of 6 mm MgCl,
in a final volume of 20 pul. All ANTPs were present at a final
concentration of 10 uM. The reactions were terminated after 15
min by adding an equal volume of 100% formamide containing
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traces of bromophenol blue. The products were resolved on a
15% polyacrylamide and 7 M urea gel and analyzed as described
before (10, 22, 23).

Effect of Template Sequence on RT Inhibition by EFdA-TP

Various T/Ps (oligonucleotide sequences are shown in Table
1) were used to determine the effect of the DNA sequence on
the mechanism of inhibition by EFdA-TP. The experiments
were carried out as described above.

Surface Plasmon Resonance Assays

Surface plasmon resonance (SPR) was used to determine the
kinetic constants of nucleotide triphosphate or EFdA-TP bind-
ing to HIV-1 RT. To allow nucleotide binding to the reverse
transcriptase, the enzyme was covalently cross-linked to a dou-
ble-stranded DNA/DNA T/P as described before (24). Briefly, a
thiol-modified DNA primer at the N? position of a guanosine
residue (indicated by X in 5'-ACAGTCCCTGTTCGGXC-
GCG-3') was heat-annealed to a 5'-biotinylated DNA template
(5'-biotin-TAGATCAGTCATGCTCCGCGCCCGAACAGGG-
ACTGTG) at a 3:1 T/P ratio (Table 1). The double-stranded
DNA was cross-linked to RT containing mutation Q258C by
incubating overnight at 30 °C in a mixture containing 25 mm
Tris, pH 7.8, 75 mm NaCl, 10 mm MgCl,, and 100 pm ddGTP.
The incorporation of the dideoxynucleotide into the T/P
(DNA 4gamp) aligns the thiol-modified G with the cysteine 258
of RT and allows disulfide bond formation as we have previously
described (24). The covalent RT-DNA 44anp complex was puri-
fied by tandem nickel affinity/ion exchange chromatography to
remove unreacted DNA and enzyme (28). The purified complex
was immobilized on a streptavidin sensor chip on a Biacore T100
system (GE Healthcare). RT-DNA g was flowed over the
chip surface of channel 2 until ~8,000 response units were
immobilized through the very strong interactions of the bioti-
nylated RT-DNA gpp With the streptavidin sensor chip.
Channel 1 was left untouched and was later used as a control
surface. Increasing concentrations of dATP (1-1,000 nm) or
EFdA-TP (51,000 nm) were flowed in channels 1 and 2 in RT
buffer and 10 mm MgCl, for 2 min to allow nucleotide associa-
tion and dissociation. The signal observed in channel 1 (control
channel) was subtracted from the signal obtained from the RT-
DNA gaemp channel 2. The ddGTP at the 3'-end of the DNA
primer prevents incorporation of the dATP or EFdA-TP and
allows estimation of their dissociation and association rates, the
ratio of which provides the K, equilibrium binding constant of
the binding of the incoming nucleotide triphosphate to the RT-
DNA j4emp complex. Optimal analysis of the binding signal
was performed using a two-state reaction protocol that
assumes a conformational change associated with substrate
binding in the Biacore T100 software to obtain measured
kinetic constants. Specifically, the overall equilibrium disso-
ciation constant K, for this type of two-state reaction proto-
col is defined by (k,,/k,1) (k/ (ks + k,,)) where k,, is the
association rate constant for substrate binding, k,; is the
dissociation rate constant for substrate from the complex,
k., is the forward rate constant for the conformational
change, and k, is the reverse rate constant for the confor-
mational change.
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Pre-steady State Kinetics of dATP and EFdA-TP Incorporation

Pre-steady state kinetics analysis was performed using dATP
or EFdA-TP single nucleotide incorporation experiments cata-
lyzed by RT. The optimal rate of polymerization (k) was
determined using the rapid quench-flow method as described
before (19, 26, 27, 29). Specifically, a solution containing 50 nm
RT and 50 nM T 54 /P15 0r T gn/P gy g4 5 in RT buffer was rapidly
mixed with a solution of 5 mm MgCl, and 1-50 um dATP or
EFdA-TP for reaction times ranging between 0.005 and 2 s fol-
lowed by quenching with 150 mm EDTA. The reaction products
were resolved and quantified as described above. The observed
burst rates (k,,,,) at each dATP or EFdA-TP concentration were
determined by fitting the data to Equation 1 and solving the
equation by non-linear regression using GraphPad Prism 4.0.

To determine the optimal rates of dATP and EFdA-TP incor-
poration (k) and their binding to the enzyme-DNA complex
(Kgeanrpy OF Kygraarpy)s Observed burst rates (k) were fit to
the following hyperbolic equation.

kobs = (Kool ANTPT)/(Kyanrey+[ANTP]) (Eq.3)

All experiments were carried out independently at least two
times, and the standard deviations of the kinetic parameters are
reported in the respective tables.

Pre-steady State Kinetics of dATP and EFdA-TP
Misincorporation

We used pre-steady state kinetics to monitor the misincor-
poration of dAAMP and EFdA-MP opposite an A template base
using the T304/ Parg O Tazisn)/Pars+s template/primer,
which has an A at the first template overhang position when
P45 O Pyigas was used as the primer, respectively (DNA
sequences are shown in Table 1). We used both P ;g and Pyyq, s
primers to interrogate potential differences in misincorpora-
tion efficiency at two template sites where substrates are incor-
porated at different efficiencies. Similarly, we monitored mis-
incorporation of dATP and EFdA-TP opposite G using
Tas1a6)/Pais OF Tasieay/Pars+s and misincorporation oppo-
site a C using Tys116)/Paig OF Tasicy/Pars+s- In these exper-
iments, a solution containing 30 nM RT and a 20 nM concen-
tration of the corresponding T/P in RT buffer was mixed
with a solution of 6 mm MgCl, and various concentrations of
dATP or EFdA-TP for the indicated reaction times followed
by quenching with an equal volume of formamide. The reac-
tion products were resolved and quantified as described
above. Further analysis was carried out as described for the
match pre-steady state kinetics experiments.

Site-specific Fe** Footprinting Assays

Site-specific Fe*" footprints were monitored on 5'-Cy3-la-
beled DNA templates. 100 nM 5'-Cy3-T 443/Pyso Or 5'-Cy3-
T 443/P 43045 Was incubated with 600 nm RT in a buffer contain-
ing 120 mM sodium cacodylate, pH 7.0, 20 mM NaCl, 6 mm
MgCl,,and 1 uMm EFdA-TP or 5 uM ddATP to allow quantitative
chain termination. Prior to treatment with Fe*¥, complexes
were preincubated for 7 min with increasing concentrations
of the next incoming nucleotide (dTTP). The complexes
were treated with ammonium iron sulfate (1 mm) as
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described previously (10, 30). This reaction relies on autox-
idation of Fe?™ (31) to create a local concentration of
hydroxyl radicals that cleave the DNA at the nucleotide clos-
est to the Fe?" specifically bound to the RNase H active site.
The two types of T/P systems carrying Py, and Py; 4., 5 prim-
ers allowed us to interrogate the translocation efficiencies in
different nucleic acid sequence contexts.

Extension of EFdA-MP-terminated Primers

Tas1/Pais.rraamp (Chemically prepared T/P possessing
EFdA-MP at the 3’-end of the primer) and T 4,¢/P 415+ 5.£raa-mp
were prepared by incubating 1 um EFdA-TP, a 1 uM concentra-
tion of the corresponding T/P, 1 uM RT, and 6 mm MgCl, in RT
buffer. The reactions were carried out at 37 °C for 1 h. Simi-
larly, for the extension of the mismatched primers, T 43; sc)/
Pyigtseraamp  Lasiec)/Pais+seraame  and  Tagyeny/
P 418+5.eFda.nmp Were prepared by incubating 20 um EFdA-TP, a
1 uM concentration of the corresponding T/P, 2 uM RT, and 6
mM MgCl, in RT buffer. The reactions were carried outat 37 °C
for 4 h. After incorporation of EFdA-MP, the various T/
Prraanp Substrates were purified using the QIAquick nucleotide
removal kit (Qiagen, Valencia, CA). Under these conditions, the
extension of T/P to T/Pgpyap Was complete. Purified T4,/

PdlS—EFdA—MP’ TdSl(GC)/Pd18+5—EFdA—MP’
Tas166)/Pars+s-eraanm OF Tasiear/Pararseran-me (5 nM) was
incubated with 20 nm RT in RT buffer and 6 mm MgCl,. The first
incoming nucleotide was added at different concentrations (0 -50
uM) in the presence of the other dNTPs (1 um). The reactions were
incubated at 37 °C for 5 and 30 min, and products were analyzed as
described above.

Td26/ Pd18 +5-EFdA-MP?

Pre-steady State Kinetics of dTTP Incorporation to T/P g4 1p

Pre-steady state kinetics analysis of dTTP incorporation to
T/Pepaa-mp Was performed using Tysi/Paigpraamp Taze/
Parg+s-eraa-mps OF Tasescy/Pars+s(56)-eraa-mp- In these exper-
iments, a solution containing 30 nM RT and a 20 nM concentra-
tion of the corresponding T/P in RT buffer was mixed with a
solution of 6 mm MgCl, and various concentrations of dTTP for
30 s to 10 min followed by quenching with an equal volume of
formamide. The reaction products were resolved and quanti-
fied as described above. Further analysis was carried out as
described for the match pre-steady state kinetics experiments.

PP- and ATP-dependent Excision and Rescue of T/Pgr 4 pp

PP -dependent Excision of T/Prrya ap—T aoe/Pais+sraa-sp-armvp
was prepared similarly to T 45¢/P 4154 5-paa-mp- After EFAA-MP
incorporation, 100 pm dTTP was added to the reaction and
incubated at 37 °C for an additional 1 h. The purification of the
terminated primer was performed as described before. 20 nm puri-
fied Ty31/Pais-eraa-mp OF Taos/Pais+s-Eraa-mp-armp Was incu-
bated at 37 °C with 60 nM RT in the presence of 150 uMm PP, in
RT buffer and 6 mm MgCl,. Aliquots of the reaction were
stopped at different times (0-30 min) and analyzed as
described above.

ATP-dependent Rescue of T/Prrya ap—20 nM purified T s,/
P418.kraamp Was incubated with 60 nm RT in the presence of
3.5mMATP, 100 um dATP, 0.5 umM dTTP, and 10 uMm ddGTP in
RT buffer and 10 mm MgCl,. Similarly, 20 nm purified T 45/
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Pa1g+5-Erda-mp+armp Was incubated with 60 nM RT in the pres-
ence of 3.5 mm ATP, 100 um dTTP, and 10 um ddCTP in RT
buffer and 10 mm MgCl,. Reactions were arrested at various
time points (0—90 min) and analyzed as described above. Con-
trol reactions without dN'TPs and ATP (no excision; no incor-
poration) or without ATP (no excision; incorporation) were
incubated for the maximum time (90 min).

PP-dependent Excision of T/Pgrya_arp in Which EFAA-MP Is
Incorporated as a Match or Mismatch—20 nmpurified T g3, 63/
Piig+s.eraamp (Where X = T, A, C, or G) was incubated at
37 °C with 60 nM RT in the presence of 150 um PP, in RT
buffer and 6 mm MgCl,. Aliquots of the reaction were
stopped at different times (0-20 min) and analyzed as
described above.

EFdA and Tenofovir Combination Studies: Inhibition of
HIV-1 RT-catalyzed DNA Synthesis and Stopping Patterns by
EFdA-TP and TFV-DP

We monitored primer extension using two T/P systems. (a)
A shorter T/P, T y3)7c)/Pa1s (20 nM), was incubated at 37 °C
with RT (20 nm) in RT buffer. Varying amounts of EFdA-TP
(0—8 pM) and tenofovir diphosphate (TFV-DP; 02 pm) were
added, and the reactions were initiated by the addition of 6 mm
MgCl, in a final volume of 20 pul. All ANTPs were present at a
final concentration of 1 uM. The reactions were terminated
after 15 min by adding an equal volume of 100% formamide
containing traces of bromophenol blue. The products were
analyzed as described above. (b) Using a longer template, we
compared the stopping patterns of EFAA-TP and TFV-DP. Spe-
cifically, T 4100/Pa1s100) (50 nM) was incubated at 37 °C with RT
(20 nm) in RT buffer, 6 mm MgCl,, 1 uM dNTPs, and 240 nM
EFdA-TP or 2 puM TFV-DP. The reactions were terminated
after 15 min by adding an equal volume of 100% formamide
containing traces of bromophenol blue, and the products were
analyzed as described above.

RESULTS

EFdA-TP Inhibits RT with Multiple Mechanisms: EFdA-TP
Inhibits RT Primarily as an Effective Immediate or Delayed
Chain Terminator (ICT or DCT)—All NRTIs approved for the
treatment of HIV infection mimic the natural dNTPs, but
because they lack a 3'-OH group, once incorporated into the
nascent DNA they act as immediate (or obligate) chain termi-
nators. Primer extension assays show that despite having a
3'-OH EFdA-TP inhibits RT-catalyzed DNA synthesis mainly
at the point of incorporation as a de facto ICT, similar to other
ICTs such as ddATP (Fig. 1B; strong stops at positions of incor-
poration P1 and to a lesser extent at P10). For the sake of sim-
plicity, we use the term “immediate chain terminator” in lieu of
the more accurate “de facto immediate chain terminator” as
EFdA-TP causes a dramatic but not 100% complete suppres-
sion of primer extension (eventually some primer extension can
be observed at high ANTP concentrations).

However, our data show that EFAA-TP can also inhibit RT as
a DCT. Specifically, our primer extension assays revealed addi--
tional bands that do not correspond to positions where
EFdA-TP or other dATP analogs are expected to be incorpo-
rated. Hence, there are strong bands-at positions P7 and to a
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FIGURE 1. EFAA-TP inhibits RT-catalyzed DNA synthesis as an ICT or DCT. A, structure of EFdA. B, DNA/DNA Ty3,/P4,5 (20 nm) was incubated with 20 nm RT
for 15 min in the presence of 10 um dNTPs, 6 mm MgCl,, and increasing concentrations of ddATP (lanes 1-4) or EFdA-TP (lanes 5-22). The sequence of the
template and the mechanism that EFdA-TP uses to inhibit RT are shown next to different bands of the gel. C, the translocation state of RT after ddAMP {Janes
7-6in both gels) or EFAA-MP (lanes 7-20 and 7-21) incorporation was determined using site-specific Fe*™ footprinting. Tasa/Paso OF Ta4s/Paao+s (100 nm) with
5'-Cy3-label on the DNA templates was incubated with 600 nm RT and various concentrations of the next incoming nucleotide (dTTP). The complexes were
treated for 5 min with 1 mm ammonium iron sulfate. An excision at position —18 indicates a pre-translocation complex, whereas the one at position —17
represents a post-translocation complex. The sequences of the T/Ps that were used in the experiments are shown under the gels with underlined matched
sequences in primer extension and footprinting assays. D, representative reactions that highlight the sites on the template sequences where EFdA-TP acts as
an ICT or DCT. The numbers indicate the points (marked in red) of the dATP or dATP analog incorporation (P1, P6, and P10). In green color, we indicate the bases
after dATP or dATP analog incorporation (P7 and P11). E, similar to A, the effect of ddATP and EFdA-TP on primer extension was observed using the DNA/DNA

Td31/Pd18+5A

lesser extent at P11, suggesting that EFAA-TP canactasa DCT
primarily when incorporated at P6 and to a lesser extent at P10.
In these cases after RT incorporates EFAA-MP at the P6 and
P10 positions, it continues incorporating the next ANTP before
DNA synthesis is stalled. We confirmed these findings using an
oligonucleotide substrate with a shorter template but longer
primer sequence that allowed examination of EFdA-MP incor-
poration only at the P6 and P10 sites (T 4,6/Py15.5 Fig. 1E).
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Hence, EFdA-TP acts exclusively as an ICT at P1 and mostly as
an ICT at P10, whereas it acts primarily asa DCT at P6 and to a
lesser extent at P10 (Fig. 1, B and E). Using hydroxyl radical
footprinting assays of RT bound to an EFdA-MP-terminated
T/P (T/Prpya_nmp) We demonstrated a correlation of ICT inhi-
bition (such as at P1 site) and a decreased translocation of RT
from the nucleotide-binding or pre-translocation site (N-site;
cleavage at —18) to the primer-binding or post-translocation
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TABLE 1
DNA oligonucleotide sequences used in this study

An example of the oligonucleotide abbreviation is as follows: Tys; (21y/Pa e template DNA of 31 nucleotides in length with a T in the second unpaired position after annealing
to the corresponding 18-mer DNA primer. The bases that vary in similar sequences are marked in red. Py, < is 2 primer that is annealed on a template five nucleotides
further than P, . In each group of templates, the varying base is indicated inside parentheses: Ty, (gc;)- For the SPR experiments, a thiol-modified DNA primer containing

a disulfide on the N* of a guanosine residue is indicated by X in the sequence. Cy3

or biotin labels are indicated next to the sequences.

Polymerization assays

5'TAG TGT GTG CCC GTC

TGT TGT GTG ACT CTG GTA ACT AGA GAT CCC TCaA

Ta100 GAC CCT TTT AGT CAG TGT GGA AAA TCT CTA GCA GTG GCG CCC GAA CAG
GGA C
Pa1s100) 5/GTC CCT GTT CGG GCG CCA
Tas1 [FTasiornamaeria) 5 CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA C
Pas 5/Cy3 GTC ACT GIT CGA GCA CCA
Taz1008) S’CCA TAG ATA GCA TAG GTG CTC GAA CAG TGA C
Td3l(()C) 5"CCA TAG ATA GCA TCG GTG CTC GAA CAG TGA C
Td31(0G) 57CCA TAG ATA GCA TGG GTG CTC GAA CAG TGA C
Pasor) 5/Cy3 GTC ACT GTT CGA GCA CCT
Puisee) 5/Cy3 GTC ACT GTT CGA GCA CCG
Pasoc) 5/Cy3 GTC ACT GTT CGA GCA CCC
Paiy 57Cy3 GIC ACT GTT CGA GCA CC
Taier 5/CCA TAG ATA GCT TTG GTG CTC GAA CAG TGA C
Tarac) 5/CCA TAG ATA GCC TTG GTG CTC GAA CAG TGA C
Ta106) 5/CCA TAG ATA GCG TTG GTG CTC GAA CAG TGA C
Tas10m) 5/CCA TAG TTA GCG TTG GTG CTC GAA CAG TGA C
T,m(—,c) 5’CCA TAG CTA GCG TTG GTG CTC GAA CAG TGA C
Tas1076) 5/CCA TAG GTA GCG TTG GTG CTC GAA CAG TGA C
Tassmy [FTas1acsn)] 5/CCA TAG ATT GCA TTG GTG CTC GAA CAG TGA C
Tas1acsm) 5/CCA TAG ATT CCA TTG GTG CTC GAA CAG TGA C
Tas1s0) 57CCA TAG ATC GCA TTG GIG CTC GAA CAG TGA C
Td31(5G) 5’CCA TAG ATG GCA TTG GTG CTC GAA CAG TGA C
Tas1014) 57CCA TAG ATA GCA ATG GTG CTC GAA CAG TGA C
Tas100) 5/CCA TAG ATA GCA CTG GTG CTC GAA CAG TGA C
Ta1a6) 5/CCA TAG ATA GCA GTG GTG CTC GAA CAG TGA C
Tasis4) 5/CCA TAG AAA GCA GTG GTG CTC GAA CAG TGA C
Tasi0) 57CCA TAG ACA GCA GTG GTG CTC GAA CAG TGA C
T‘m(ﬁG) 5’CCA TAG AGA GCA GTG GTG CTC GAA CAG TGA C
Taz6 5’CCA TAG ATA GCA TTG GTG CTC GAA CA
Paigss 57Cy3 TGT TCG AGC ACC AAT GCT
Taz6 5¢) 57CCA TAG ATC GCA TTG GTG CTC GAA CA
Puis+s 56) 57Cy3 TGT TCG AGC ACC AAT GCG
Surface Plasmon
Resonance
Tazo 5"ACA GTC CCT GTT CGG XCG CG
Pasy 5'biotin TAG ATC AGT CATGCTCCGCGCCCGAACAGGGACTGTG
Footprinting assays
Tz 5’Cy3 CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA CAA TCA GTG TAG A
Paso 5'TCT ACA CTG ATT GTC ACT GTT CGA GCA CCaA
Pasoss 5/ACT GTT CGA GCA CCA ATG CT

site (P-site; cleavage at —17) (Fig. 1C). Therefore, when
EFdA-TP inhibits RT as an ICT itacts as a translocation-defec-
tive RT inhibitor. In turn, footprinting assays at sites where
EFdA actsasa DCT (such as P6) demonstrated that T/Pyeg a_ao
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is translocated to the P-site (Fig. 1C). Collectively, these exper-
iments show that EFAA-TP canactbothasanICT andasa DCT
depending on the template sequence and how it allows translo-
cation of RT on T/Pgpga_ap (Figs. 1, 8, and 9).

SASBMB  VOLUME 289-NUMBER 35-AUGUST 29, 2014



Multiple Mechanisms of RT Inhibition by EFdA

B

1363

EFdA-TP

c

: 3o R

i e %uuwwnugﬁ *é ST f%

p:3 ERE Q Al fon G ey B 1

¢ 8 : 8 et

c 4 - 6

2 pp ¢ i ¢ )

Py icTa ﬂﬁy - wmmw*w“gg gmwﬁggaﬁﬁﬁa o M“hm-~‘““

G . ; T A 9 g s 2 3 Tramer s e ICT T
TasroayPatr Td31(0A)de18 TdN(SA)/Pdm T onon/Pare Tcmm) Pars

ﬁi‘ﬁiﬁﬁuama . LT T ?

ot s b e 5 85 B et s

P7

i i - 4 ”
”“‘?‘f%":f'z’::ff’;f B " Wm"”“’ﬁ%
ADCTQ,
ﬂﬂﬂqﬁmTV
,,Qw«muuu"ﬁm T ’”""‘mwudiﬁ T T
Rk e Erevoni s & LD w****-mmw.um?”““*w i s 98

Tasen/Pate Tastir/Pats

Tas1em/Pats

i===“ﬁﬂﬁw

Taen/Pats

-
Tasor/Patr

TaacstyPais

G

5 FeLEEETT
e ] R O I P5: I1CT
I . g P6: DCTACT
= g A ; H . : ¢
‘*@%?Q «.‘.5-_«.%:.7‘%.” “ee n iC
c
<
2t
T

6 04 B0 QWA ROPERON

G
2 n - ;(; IR
- 1 v::wn&~~ Ao
izmememady oo R,
TastocyPats Td31(5c)/Pa1a TasgeyPate
‘“-Fm o CFaATe
pwwﬁV"“W“ Lol ]

e»wﬂmmsﬂf’ DCT
AP

s e ot 8 W W 2 36

o e e it A
e e e R g g8

3 REBOEEREO0
Gl P aRepan

e A

63 PO G0
DR EAIBO0

QN HP O

.
- = e T»wm”ﬂup*‘J prysi o i ;
: %i’clﬁ"*“*»uuuadd‘fiCT R el e *“‘*m%quwge*a*#"‘*
Tastos/Pai7 TasosyPats Taz156y/Pats TasizePats TusreyPae

{ ]
l

T
Effect of template sequence (+) before
EFdA incorporation

Effect of template sequence () after
EFdA incorporation

FIGURE 2. Effect of template sequence on mechanism of inhibition by EFdA-TP. Primer extension assays were performed by incubating various DNA/DNA
T/Ps with 20 nm RT for 15 min in the presence of 10 um dNTPs, 6 mm MgCl,,, and increasing concentrations of EFdA-TP. The sequence of the template is shown
next to the gels. Twenty templates with A, T, C, or Gat the PO, P2, P5, and P7 positions were used. The nucleotides that vary are shown in blue color and indicated
with an asterisk next to the gel bands. In red color, we highlight the T positions where EFdA-TP is expected to be incorporated. Immediate and delayed chain
terminations are shown in red and green boxes, respectively. Blue color and asterisks highlight the positions of the nucleotides that vary among different gels.

The Mechanism of RT Inhibition by EFdA-TP Is Se-
quence-dependent—To further explore the effect of the T/P
sequence on the EFdA-TP inhibition mechanism, we used a
series of oligonucleotides that vary at positions upstream or
downstream from the sites of EFdAA-MP incorporation (Table
1). As a control we used ddATP, which always acts as a canon-
ical ICT (data not shown).

With regard to the effect of changes before the site of
EFdA-MP incorporation, remarkably we found that a single
change in the template sequence can change the inhibition
mechanism: the presence of C at a template position prior to
the P6 site leads to exclusive ICT (Fig. 24, Ty31(5¢)/Pare) In
contrast, the presence of A, G, or T at the same template posi-
tion leads primarily to DCT (Fig. 24 and Table 2; T 431 (54y/P 15,
Tasisay/Parer and Tyz1smy/Pare), although the presence of
bands at the sites of EFdA incorporation (P6, P6, and P5,
respectively) suggested an additional but less pronounced ICT
mode of inhibition as well (none of these stopping patterns
were observed in the absence of EFdA-TP).
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Introducing a C before the incorporation site of EFdA-MP
does not appear to always result in strong ICT. When we
changed the P4 site of T 431 ags1)/Pais t0 2 C (T g3 acsy/Pars)s
we still observed a primarily DCT mode of inhibition (Fig. 2B),
suggesting that sequences before and after the EFdA-MP incor-
poration site contribute to the preferred mechanism of
inhibition.

EFdA-TP acted as an ICT at the P1 site regardless of the type
of preceding nucleotide (Fig. 24, gels in second column). To
determine whether this strong preference is due to the
upstream (P0) position being provided to the enzyme already in
double-stranded DNA form (last primer nucleotide), we
repeated the experiments using a shorter primer that stopped
one position before the EFAA-MP incorporation site. The data
shown in Fig. 24, column 1, show that there was still ICT inhi-
bition in all cases, whereas only in the case of T 43, o)/ 4,7 Was
there an apparent mixture of ICT and DCT.

We also tested the effect of template sequence at one position
after the P6 or P1 site of EFAA-MP incorporation (P7 and P2
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sites in Fig. 24, columns 4 and 3, respectively). We generally
found no significant changes in the type of inhibition mecha-
nism with the exception of T 43, o1y/P 4, Which was now inhib-
ited by both ICT and DCT instead of only ICT. Collectively,
these results indicate that the mechanism of inhibition by EFdA
can be influenced by the template sequence before and after the
site of incorporation.

TABLE 2
Effect of template sequence on mechanism of action of EFdA-TP

The mechanism of inhibition by EFdA-TP was determined by the results in Fig. 2.
Changes in the template sequences are indicated in bold.

T/P

Effect of template sequence before
EFdA-MP incorporation

Mechanism of action

T a1/ Parr P2: ICT
as1(gp)/ L1z P1:ICT; P2: DCT/ICT
as1(ee)/ L1z P2: ICT
d31(g) L d17 P2:ICT
d31(a)! £ d18 P1:ICT
asi(ep)/ L ais P1:ICT
Tdsl(oc)/Pdls P1: ICT
g0 pae P6. 1T; P7: DCT
as1(s) P18 : ;P72
o/ Pre P5: ICT; P6: DCT/ICT
Taz1,csp/Pars P5: ICT; P6: DCT/ICT
Tasigo/Pars Pe6: ICT
d31sq) Fais P6:ICT; P7: DCT

Effect of template sequence after
EFdA-MP incorporation

Tas1op/Pars P1:1CT
a31(p)/ L das P1: ICT; P2: DCT/ICT
a31(,0)/ L 18 PL:ICT
a31(,6) L a18 P1:ICT
d31(74)/ L d18 P6: ICT; P7: DCT
4316/ Fais Pé6: ICT; P7: DCT/ICT
31700/ L dis P6: ICT; P7: DCT
a316,)/ P18 P6: ICT; P7: DCT

Response units (RU)
.

EFdA-TP Binds RT Tighter than the Natural Substrate
dATP—Because EFdA-TP inhibits RT very efficiently, we
wanted to examine and compare the binding affinity of the
inhibitor and dATP with the enzyme. Therefore, we used SPR
to determine the dissociation constant K, for EFdA-TP and
dATP. A two-state reaction protocol that assumes a 1:1 binding
of substrate (EFdA-TP or dATP) to an immobilized ligand (RT)
followed by a conformational change (“closing” of fingers sub-
domain) to form a stable complex (32—36) was used to analyze
the SPR data. It is also assumed that a substrate in a complex
that has undergone a conformational change can only dissoci-
ate if the conformational change is first reversed. This analysis
generated the following kinetic values: k,;, the association rate
constant for substrate binding; k,, the dissociation rate con-
stant for substrate from the complex; k,,, the forward rate
constant for the conformational change; & ,,, the reverse rate con-
stant for the conformational change; and K, the overall equilib-
rium dissociation constant, which for this type of two-state reac-
tion protocol is defined by (k ;;/k,;)*(k 1o/ (k 5, + k,5)). Fig. 3 shows
that, using the T 4,,/P g3, the K, for dATP is about 10 times higher
than that of EFAA-TP. Hence, RT can bind EFdA-TP considerably
more tightly than the natural substrate. This difference in the K, of
dATP and EFdA-TP is mostly due to an increased association rate
for substrate binding (k,,;) and increased forward rate constant for
the conformational change (k,) in the case of EFdA-TP (Fig. 3).

RT Incorporates EFAA-TP Very Efficiently by Stalling Full
Extension of the Terminated Primer—To further understand
the biochemical basis of the strong RT inhibition by EFdA-TP,
we compared the incorporation efficiency of EFdA-TP with
that of the natural substrate dATP under pre-steady state con-

2

ol ®

-2

-200 300 800 1300 1800

Time (sec)
Nucleotide Kganre /DM Kyr I Mg kg 1 s Koo ! 57 kgp | 51
EFdA-TP 18.6 (1) 94.7-10% (1) 0.026 (1) 0.010 (1) 0.0224 (1)
dATP 192.8 (10.4) 3.8:104 (0.04) 0.020 (0.8) 0.001 (0.1) 0.0006 (0.03)

FIGURE 3. SPR to determine the kinetic constants of EFdA-TP and dATP binding to HIV-1 RT. Nucleotide binding was performed by using RT covalently
cross-linked to Tys,/Py,0, Which has a 5'-biotinylated DNA template and a ddGMP incorporated at the primer. The RT-DNA j4gume cOmplex was immobilized on
a streptavidin sensor chip, and increasing concentrations of dATP or EFdA-TP were flowed to allow nucleotide association and dissociation. A two-state
reaction protocol was used to analyze the SPR data, which assume a 1:1 binding of substrate (EFdA-TP or dATP) to an immobilized ligand (RT) followed by a
conformational change (closing of fingers subdomain) to form a stable complex. The graph shows the association and dissociation of EFdA-TP over time. This
analysis generated the following kinetic values: k,, the association rate constant for substrate binding; k,,, the dissociation rate constant for substrate from the
complex; k., the forward rate constant for the conformational change; k,,, the reverse rate constant for the conformational change; and K, the overall
equilibrium dissociation constant, which for this type of two-state reaction protocol is defined by K, = (k4 /k 41 )-(kao/ (k42 + k,2)). The -fold change of the various
constants is shown in parentheses.
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Values are determined from three independent experiments. Positions where EFdA-TP acts as an
ICT or DCT are shown in red and green, respectively.

FIGURE 4. Pre-steady state kinetics of correct single nucleotide incorporation of EFdA-TP and dATP by HIV-1 RT. Preincubated HIV-1 RT (50 nm) and
Taa1/Parg (A) of Tyae/Paras (50 nm) (B) were mixed by a quench-flow instrument with various concentrations of EFdA-TP or dATP for reaction times varying
between 5 ms and 2 s. The amount of product at different reaction times was fit to the burst equation (Equation 1) to obtain burst phase rates of nucleotide
incorporation. Observed rate constants were then plotted using a hyperbolic equation (Equation 3) to estimate k., and Ky gne (A and B). The sequences of the
T/Ps are shown below the plots, and the calculated constants are shown in C. Error bars represent S.D. of at least two independent experiments.

ditions. Our results show that RT uses EFdA-TP very efficiently
(Fig. 4). Interestingly, we demonstrated that depending on the
sequence of the template the selectivity for EFAA-TP over the
natural dATP substrate ranges from 0.8- to 2.3-fold. Another
independent study using a different T/P showed that the incor-
poration efficiency of EFdA-TP is 2-fold higher than that of
dATP (37). The high incorporation efficiency of EFdA-TP is
mostly the result of the higher binding affinity of EFdA-TP
(lower dissociation constant K ;). These results are consistent
with the SPR data that also showed an increased RT binding
affinity for EFdA-TP compared with dATP using another T/P
sequence.

Because EFdA-TP differs from the conventional chain termi-
nators and possesses a 3'-OH group, we examined the possibil-
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ity that there can be additional DNA polymerization events at
the EFdA-MP end of T/Pgpya.mp Primer extension experi-
ments showed that when EFdA-TP acts as an ICT there is even-
tually slow full extension of the EFdA-MP-terminated primers
(Fig. 5A). When EFdA-TP acts as a DCT, there is extension of
the EFAA-MP primers by only one nucleotide under these con-
ditions (Fig. 5B) and very little full extension over the course of
hours (not shown). The extension of EFdA-MP-terminated
primers has also been reported by Muftuoglu et al. (37) in the
context of a different sequence and in the presence of higher
dNTP and RT concentrations and is consistent with our find-
ings reported here.

We used pre-steady state kinetics to quantify and compare
the efficiencies of ANTP incorporation in EFdA-MP-termi-
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FIGURE 5. Incorporation of dNTPs into T/Pgryamp BY HIV-1RT. A, Ty5:/Pg15.eran-mp (5 NM) was incubated with 20 nm HIV-1 RT, 6 mm MgCl,, T um dATP, dCTP,
dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 um). The reactions were terminated after 15 min. B, Ty31/P 15+ s-eraa-mp (5 NM) was
incubated with 20 nm HIV-1 RT, 6 mm MgCl,, 1 um dATP, dCTP, dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 um). The reactions
were terminated after 5 and 30 min. C-E, various Ty31/P g1 g+ s-eraa-mp (5 M) where EFdA-MP is incorporated as a mismatch were incubated with 20 nm HIV-1RT,
6 mmMgCl,, 1 um dATP, dCTP, dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 uMm). The reactions were terminated after 5 and 30 min.
The sequences of the T/Ps are shown below the gels, and the lanes are numbered for clarity.

observed that the kinetics of dNTP incorporation on EFdA-
MP-terminated primers were dramatically changed, show-
ing a shift from a DCT to ICT mechanism. Using a single
different T/P sequence, Muftuoglu et al. (37) recently
showed that RT can incorporate dCTP after EFdA-MP 400

nated primers at ICT (Ty31/Pyig.eraa-mp) versus DCT (T g6/
Piis+s.eraa-mp) Sites. Consistent with the gel-based results of
Fig. 5, A and B, there was indeed a >400-fold difference in the
extension efficiency of the EFdA-MP-terminated primers when
different T/Ps were used (Table 3). Interestingly, when we sim-

ply changed a single template base from A to C at one posi-
tion before the EFdA-MP incorporation site (Table 3), we
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times more efficiently than it does after AMP (~1.5 versus
0.0034 pm~Ls™Y) (38).
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TABLE 3

Pre-steady state kinetic parameters of dTTP incorporation on T/Pgryamp
by HIV-1RT

Values were determined from three independent experiments. Positions where
EFdA-TP acts as an ICT or DCT are shawn in red and green, respectively.

/P (s i"‘fog) Kaarre (M) (pmiﬁi&)‘:?lo“’) Fold difference
TWP?‘C?MW 1802 380273 0.05 i
w 7.64 1.6 03501 2 40
Taeoffuvmcotni | qgs01 045232 05 0

TABLE 4

Pre-steady state kinetic parameters of EFdA-TP and dATP match and mis-
match incorporation by HIV-1 RT

Values were determined from three independent experiments. Positions where
EFdA-TP acts as an ICT or DCT are shown in red and green, respectively. The
different templates vary in position X: G, C, or A.

/P match/mismatch 5" i”’i’o.g) I?flﬁ‘)" (u&"f';ﬂs(.?";"}'(')a)
EFAA-TPAT | 34004700 12402 2.833
EFdA-TP:1G 2301 08402 2.9
EFdA-TPIC 8.6+ 1.6 8512 1.0
EFdA-TP:1A 3.0£0.5 15404 2.0
Taax/Pas dATPIT 7000+300  2.1%04 3,429
fer dATP:1G 183420  28.0%4.5 0.7
dATP:1C 24405 1.840.1 13
dATP:1A 18413 660178 0.03
EFAA-TP:6T | 3,100 %400 0.7 %02 4,429
EFAA-TPI6G | 238440 9224 2.6
EFAA-TP:6C | 244£1.9 172401 14
EFdA-TP:6A 8.4 1.3 97426 0.9
Td3\(6DX():/$d'9*5 dATP:6T 9800400 5.1+ 1.8 1,922
dATP:6G 884 1.1 2.840.6 3.1
dATP:6C 2.940.1 3.6+07 0.8
dATP:6A 17405 198419 0.1

EFdA-TP Is Efficiently Incorporated as a Mismatch but with
No Further Extension—The inhibition and incorporation
experiments suggest that EFdA-TP can be used by RT as a sub-
strate for DNA polymerization at levels even better than the
natural dATP substrate. Using pre-steady state kinetics, we
extended this finding by showing that EFdA-TP can be incor-
porated very efficiently not only as a cognate substrate but also
as a mismatched substrate (Table 4). Specifically, EFAA-TP is
incorporated as a mismatch more efficiently against a G than an
A ora C. We also found that the template sequence affects the
misincorporation efficiency in different ways for EFdA-TP and
dATP. Hence, EFdA-MP is misincorporated more efficiently
than dAMP at the P1 sites (ICT mechanism) when the mispair-
ing base is opposite G or A, but not C (Table 4). In contrast, the
misincorporation efficiencies of EFAA-MP and dAMP are sim-
ilar at the P6 site (DCT mechanism) opposite G and C, whereas
EFdA-MP is misincorporated more efficiently than dAMP
opposite A, In addition, we tested the extension of primers ter-
minated with misincorporated EFdA-MP (EFdA-MP opposite
a C, A, or G) and found that there is no dNTP addition even at
higher dNTP concentrations or incubation times (Fig. 5, C, D,
and E) in contrast to the one-nucleotide extension of
T/Prpaanp With EFAA-MP opposite the cognate base T (Fig. 5B).

Delayed Chain Termination Protects EFdA-MP from
Excision—One of the major mechanisms of resistance to NRTIs
is the ATP-based excision of the chain terminator by RT (39,
40). The product of this excision reaction is a tetraphosphate
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(NRTI-MP-ATP) and an unblocked primer that RT can use to
resume DNA synthesis (41). For excision to occur, the
NRTI-MP end of the chain-terminated primer should be posi-
tioned at the N-site (42). Our footprinting data in Fig. 1C estab-
lish that the translocation state, which reflects the position of
RT on DNA, can be affected by the nucleic acid sequence. Spe-
cifically, in the absence of ANTP, T 4,5/P 430.graa iS bound by RT
in a pre-translocation mode (Fig. 1C, lane 7, left gel), whereas
T 445/P 430 +5-era4 i bound in a post-translocation mode (Fig.
1C, lane 7, right gel). Importantly, these differences in binding
lead to differences in the mechanism of EFdA inhibition with
immediate chain termination at the site where translocation is
not favored (P1 site of T 5,/Py;4) or delayed chain termination
at the site where translocation is indeed favored (P6 site of T 45,/
P46 Fig. 1, B and C). Because binding in a pre-translocation
mode allows excision to occur (24, 28, 30), we hypothesized that
the post-translocation bound T 4,6/P 415 1 5-graa-sp-arap Would
be protected from excision. To test this hypothesis, we per-
formed ATP- or PP;-based phosphorolysis experiments to
unblock the following EFdA-MP-terminated template primers:
(@) Ty31/Pa1geraamp Which binds RT in a pre-translocation
mode and is the product of ICT, and (5) T 456/Py18+ 5-raa-np-arams
which binds RT in a post-translocation mode and is the product
of DCT with a dTMP incorporated into the EFdA-MP-termi-
nated primer.

We performed the experiments in the presence of either PP, or
ATP. In the latter case, the excision reaction was coupled with the
reverse DNA polymerization because dNTPs were also added in
the reaction (rescue conditions). When EFdA-TP is inserted opposite
P1it acts as an ICT (as in Taz1/Paygprasme OF Tass/Pars-eran-meh
and the nucleic acid is bound in a pre-translocation binding mode
(Fig. 1C). In that case, there is some PP-based excision of
EFdA-MP from the 3’-end of the primer (Fig. 64, left panel, lanes
2-8), although even in this case it does not appear to be a signifi-
cant problem because there is facile reincorporation of EFdA-TP
as we have shown previously (10). In addition, ATP-based rescue
experiments showed that when a high concentration of competing
dATPisincluded in the reaction we can detect rescue of the EFdA-
MP-terminated primers (Fig. 6B, lanes 4—11) that are the ICT
inhibition product, suggesting that when EFdA-MP is incorpo-
rated at an ICT site it is excised even though this phenomenon
does not account for high level excision-based resistance as shown
by our published virological data (11). In contrast, when EFdA-TP
is inserted opposite P6, it acts as a DCT and allows a single incor-
poration event, which in the case of T 456/P 415 1 5.Erq A-MP-dTap 1S @
dTMP incorporation opposite P7. Under these conditions of
DCT, there is a compelling suppression of PP;-based and ATP-
based excision as shown in Fig. 6, right panels in A (lanes
10-16) and B (lanes 15-23). Hence, at sites of DCT, EFdA-MP-
terminated primers are protected from excision, providing a
strong advantage for EFdA-TP against excision-based resis-
tance. Furthermore, mismatched primers that have EFdA-MP
at the 3'-end are protected from excision (Fig. 6C, lanes 812,
1418, and 20-24).

EFdA-TP and TFV-DP Do Not Always Compete for the Same
Incorporation Sites—Because both EFdA and tenofovir are
adenosine analogs, we wanted to see whether they would com-
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FIGURE 6. PP;- and ATP-dependent unblocking of EFdA-MP-terminated primers. A, purified Ty3,/Pa1seraa-mp OF Taze/Pdia+ s-eraa-mp-arme Was incubated
with HIV-1 RT in the presence of 6 mm MgCl, and 150 um PP; at 37 °C. Aliquots were removed, and reactions were stopped at the indicated time points (0-30
min). The excision products are shown in braces. B, purified Ty31/Py1a-eraamp O Taze/Pa1s+5-erda-mp-armp Was incubated at 37 °C with HIV-1 RT in the presence
of 10 mm MgCl,, 3.5 mm ATP, and d(d)NTPs {100 um dATP, 0.5 um dTTP, and 10 um ddGTP for T431/Pyrsgraame OF 100 um dTTP and 10 um ddCTP for
Ta26/Pars+s-erda-mp-arme)- Aliquots of the reactions were stopped at the indicated time points (0~90 min). C, purified Ty, 6x/Pd1s+5eraamp (Where X =T, A, C,
or G) was incubated with HIV-1 RT in the presence of 6 mm MgCl, and 150 um PP; at 37 °C. Aliquots were removed, and reactions were stopped at the indicated
time points (0-20 min). The excision products are shown in braces. The lane numbers are shown below each gel.

pete for the same incorporation sites. Surprisingly, when we
used the active forms of the two analogs (EFdA-TP and TFV-
DP) in parallel reactions at concentrations that resulted in
approximately the same amount of primer extension (Fig. 74, 2
versus lane 3), there were some differences in inhibitor incor-
poration as judged by stopping patterns. Specifically, although
both inhibitors appeared to be incorporated opposite Ts (+6,
+8, +10, +17,and +19) (Fig. 7A, lanes 2 and 3), there was a site
that was strongly preferred by EFdA for DCT inhibition (+6
and +7 strong stops with no equivalent stops in the uninhibited
first lane), whereas there was only moderate inhibition by TFV
(weaker stop in the TFV-inhibited third lane). Furthermore, the
+6 stop was weaker than the +10 stop for TFV but not for
EFdA, providing initial evidence that the two adenosine analogs
can have different incorporation efficiencies at different sites
on the template. To further explore this possibility, we included
both TEV-DP and EFdA-TP in the same reaction and in varying
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ratios using a shorter Ty3;(;¢)/Parg that allowed us to better
resolve and monitor the EFdA-MP-terminated versus the TFV-
terminated products. In each of the eight panels of Fig. 7B, we
used increasing amounts of EFdA-TP in the presence of con-
stant amounts of TFV-DP. Conveniently, we can follow incor-
poration of EFdA-MP and TFV in the same gels: hence, at the
P1 site, the EFdA-MP-terminated primers (Pai5 ppqa-mp)
migrate slightly slower than the corresponding TFV-termi-
nated primers (Py;5 1pv) (Fig. 7B, red boxes). At the P6 site, we
can compare TFV-based inhibition (P45, s 1py) with the
EFdA-based inhibition (P 4155 praa-sp-amame &t P7). We found
that EFdA can compete with an excess of TFV more efficiently
at the P6 versus at the P1 site: for example, in the presence of an
excess of TFV (Fig. 7B, TFV = 1,000 nm), ~50% of chain termi-
nation at P6 is caused by ~31 nm EFdA (Fig. 7B, blue box), but
the same ~50% chain termination at P1 is caused by ~500 nm
EFdA (Fig. 7B, red box). Similar results can be seen at other
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