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Maestro version 8.5 (Schrodinger, LLC, New York, NY
2007) was used as described below. The crystal coordinates
described above were obtained from the Protein Data Bank
(http://www.rcsb.org/) and used as starting templates. Hy-
drogens were optimized with constraints on the heavy atoms.
The crystal water that mediates the interactions between
protease inhibitors and the protease flap was retained, and
all other crystal waters were deleted. Close interactions in
the protease were annealed, and the docking grid was setup.
Polarizable ligand charges were determined at the B3LYP/
6-31G* level. The extra-precision mode of Glide,”*° which
has a higher penalty for unphysical interactions, was used.
For each docking simulation, up to five final poses were
retained and compared with available X-ray structures to
verify that the conformations were reasonable. It was
particularly important that the correct ring conformations
were obtained during docking. LPV produced ring confor-
mations that were different than the conformations obtained
from crystal complexes in some docking solutions, and such
conformations were discarded for the subsequent GBSA
simulations.

GBSA Scoring Simulations. The general principle of a
GBSA model has been described before. The free energy of
binding, AGying is calculated as®

AGy = AE + AG,, + AGg,

solv
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complex
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where Ecomplexs Eproteins a0d Ejigang 1€ the minimized energies
of the protease—inhibitor complex, protease, and inhibitor,
respectively.
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where Gsolv(cmnplex)» Gsolv(pmlein)’ and Gsolv(ligand) are the solvation
free energies of the complex, protein, and inhibitor,
respectively.

AC;SA = GSA(complex)_GSA(protein)_GSA(ligand)

where GSA(complex)a GSA(prmein)a and GSA(Iigand) are the surface
area energies for the complex, protease, and inhibitor,
respectively. The simulations were carried out using the
GBSA continuum model®! in Prime, version 2.0 (Schrod-
inger, LLC, New York, NY, 2008). Prime uses a surface-
generalized Born (SGB) model employing a Gaussian surface
instead of a van der Waals surface for better representation
of the solvent-accessible surface area.’’

GBSA simulations were carried out for the protease—ligand
complex structures obtained by molecular docking. The
simulations were carried out in four different scenarios. (i)
No water molecules were retained in the protease and ligand
atoms have fixed charges based on the OPLS force field.
This is the standard MM-GBSA simulation carried out in
implicit solvation. The change in free energy obtained is
denoted by AG.., and the correlation coefficients are
denoted by rpm. (i) No water molecules were retained in
the protease and the ligand has protein-polarized QM charges
at the B3LYP/6-31G* level. The protein-polarized charge
on the ligand is determined from the docked complex and
used while ComPUting EcompleXs Gsolv(complex), and GSA(complex)
as well as for Eliganda Gsolv(ligﬂnd), and GSA(ligzmd)- The Change

in free energy obtained is denoted by AGy,, and the
correlation coefficients are denoted by 7. (iii) The bridging
water molecule mediating the hydrogen-bond interactions of
inhibitors DRV, GRL-98065, APV, GRL-02031, GRL-
06579, NFV, SQV, and AZV with Tle50 and 1le50 in the
flap was explicitly retained. This is a hybrid solvation model
since implicit GBSA solvation terms for the whole system
were used. For tipranavir (TPV), GBSA with the hybrid
solvation model was performed by retaining a water molecule
that bridges hydrogen-bond interactions with Gly48 of one
monomer of the protease. NFV and AZV were observed to
have two additional bridging water molecules, and additional
calculations in the presence of three explicit water molecules
were performed for NFV and AZV. In the hybrid solvation
model, the inhibitors either had MM charges (change in free
energy and correlation coefficient denoted by AGmmwa and
Frmiwat, T€spectively) or (iv) protein-polarized QM (B3LYP/
6-31G*) charges (change in free energy and correlation
coefficient denoted by AGgmjwar and Fgmpyar, respectively). In
all simulations, the protease has OPLS charges. The strain
energies of the ligands were taken into account.

Antiviral Agents. DRV, GRL-98065, and GRL-02031
were synthesized as described previously.”>° SQV and
ritonavir (RTV) were kindly provided by Roche Products
Ltd. (Welwyn Garden City, United Kingdom) and Abbott
Laboratories (Abbott Park, IL), respectively. APV was a kind
gift from Glaxo-Wellcome, Research Triangle Park, NC.
NFV and indinavir (IDV) were kindly provided by Japan
Energy Inc., Tokyo, Japan. LPV was synthesized by previ-
ously published methods.>® AZV was a kind gift from
Bristol-Myers Squibb (New York, NY). TPV was obtained
through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, National Institutes of Health.

Generation of Recombinant HIV-1 Clenes. To generate
HIV-1 clones carrying desired mutations, site-directed mu-
tagenesis using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA) was performed, and the
mutation-containing genomic fragments were introduced to
pHIV-1yLsma as previously described.’>~*” Determination of
the nucleotide sequences of plasmids confirmed that each
clone had the desired mutations but no unintended mutations.
Each recombinant plasmid was transfected into 293T cells
using Lipofectoamine 2000 Transfection Reagent (Invitrogen,
Carlsbad, CA), and thus generated infectious virions were
harvested 48 h after transfection and stored at —80 °C until
use. HIV-1 carrying D30N substitution (HIVP*™N) was
generated since residue-30 is in the active site (Figure 1)
and the D30ON substitution is known to cause primary drug
resistance against the FDA-approved protease inhibitor
NEV.3 HIVPY was generated since 1le50 is in the flap
region (Figure 1) and interacts with various PIs through a
bridging water molecule.®® The I50V mutation has been
associated with resistance to APV, LPV, and RTV.** HIVV$%/
185v was also generated since Val82 is located in the active
site and its substitution to Ile is associated with HIV-1
resistance to most PIs, presumably due to the expansion of
the active site and loss of favorable van der Waals
contact.!>2%404! We recently reported the emergence of I85V
as a resistant mutation against a PI, GRL-98065, and chose
to study the combined effect of V82A/I85V.** HIV-1-
infected patients who' failed to respond to Pl-containing
regimens often have HIV-| variants carrying both active site
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Figure 1. Structure of dimerized HIV-1 protease. The monomer
subunit is shown in a red or green ribbon. The locations of the
mutant residue positions are indicated. Only polar hydrogens are
shown, and the following atom colors are used in this and all
subsequent figures: C, gray; H, white; O, red; N, blue; S, yellow.

and nonactive site mutations in protease, and we chose to
explore such clinical HIV-1 isolates, HIV?%% and HIV#4!,
The former contained L10R, M461, L63P, V82T, and 184V
substitutions, while the latter contained M461, L63P, V82T,
and 184V substitutions.

Drug Susceptibility Assay. To determine the drug sus-
ceptibilities of certain laboratory HIV-1 strains, MT-4 cells
were employed as target cells, as described previously,*” with
minor modifications. In brief, MT-4 cells (10%/mL) were
exposed to 100 TCIDsgs of drug-resistant HIV-1 strains in
the presence or absence of various concentrations of drugs
and incubated at 37 °C. On day 7 of culture, the supernatants
were harvested and the amounts of the p24 Gag protein were
determined by using a fully automated chemiluminescent
enzyme immunoassay system (Lumipulse F; Fujirebio Inc.,
Tokyo, Japan).*? The drug concentrations that suppressed
the production of p24 Gag protein by 50% (ICsy) were
determined by comparison of the amount of p24 Gag protein
produced in drug-treated cell cultures with the level of p24
Gag protein produced in a drug-free control cell culture. All
assays were performed in duplicate or triplicate on more than
three different occasions, and the data are shown as means
+ 1 SD.

RESULTS

Analysis of Water Molecules in Protease Crystal
Structures. Since the number of ligand-bound water
molecules in high-resolution crystal structures varies
widely,® we first analyzed the number of water molecules
in the five protease—inhibitor crystal structures used in
the current study. The total number of water molecules
ranged from 51 (protease—NFV complex,”” PDB ID
10HR) to 124 (protease—TPV complex,* PDB ID 204P).
Within 4 A of the bound ligand, the number of water
molecules present in the complexes with PDB IDs 1HXB,
2FDE, 10HR, 204P, and 2AQU were 3, 5, 5, 10, and 10,
respectively. We then analyzed the number of water mol-
ecules bridging hydrogen-bond interactions between the
protease and the ligands. The water molecule forming
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tetracoordinated hydrogen-bond interactions with Ile50 and
Ile50” in the flap was the only water molecule interacting
with the ligand in the protease complexes of SQV (PDB ID
1HXB), BCV (PDB ID 2FDE), and APV (PDB ID 1HPV*),
Since this tetracoordinated water molecule is considered an
important pharmacophore for protease—inhibitor interac-
tions,* it was explicitly included in our docking and GBSA
free energy simulations. Three water molecules formed
bridging hydrogen-bond interactions in the NFV —protease
(PDB ID 10HR) and AZV—protease (PDB ID 2AQU)
complexes (Figure 2¢ and 2q), and simulations were carried
out with both one and three bridging water molecules
explicitly present for these inhibitors. TPV directly formed
hydrogen bonding with I1e50 and Ile50’, and a water
molecule bridged hydrogen bonding with Gly48 in the flap
(Figure 2g)***>4% and was explicitly included in the simula-
tions. Simulations involving LPV did not include any crystal
waters since none were present in the native LPV—protease
complex.”®

Determination of the Susceptibility of Recombinant
Infections HIV-1 Clones Carrying Amino Acid
Substitutions to Pls in Vitro. We determined the suscep-
tibility of six recombinant infectious HIV-1 clones to each
of the PIs that were chosen in the present study: 7 clinically
available PIs (SQV, NFV, APV, TPV, DRV, and AZV) and
2 experimental PIs (GRL-02031 and GRL-98065) in the
HIV-1 p24 Gag production inhibition assay, as previously
described.”>?” As illustrated in Table 1, most of the
recombinant clones showed reduced susceptibility to the Pls
examined by up to 16.5-fold. However, it was also noted
that HIVD3N and HIV?*! had increased susceptibility to
certain PIs. The increased susceptibility of HIVpagy to TPV
with 33.3-fold was notable, although HIVP3N was also less
susceptible to SQV, LPV, and NFV (Table 1). Both HIVPOY
and HIV?4 were also less susceptible to most of the Pls
(Table 1).

Binding Interactions with Wild-Type and D30N
Mutant Protease. We next determined and analyzed the
binding modes of nine different PIs with PROYT and a
protease with an amino acid substitution at position 30 from
an aspartic acid to asparagine (PROP*™). SQV has four
hydrogen-bond interactions with Asp29 and Asp30 in the
S2 site of the wild-type protease but has no hydrogen bonds
with Asp29” or Asp30” in the S2’ site (Figure 2a). When
protease acquires the D30N mutation, SQV loses two
hydrogen bonds with Asp29 and Asp30 and does not form
any new and compensating hydrogen bonds with other
protease residues (Figure 2b). Comparison of the antiviral
data of SQV shown in Table 1 indicates that there was a
3.9-fold decrease in antiviral potency with the D30N
mutation. It is possible that the decrease of antiviral potency
of SQV for D30N mutant is due to the loss of hydrogen
bonds with residues 29 and 30 for the mutant. Examining
the hydrogen bonds in the S2 site for NFV against PRO™T
and PROP*N mutant protease (Figure 2c and 2d), one
observes that NFV has more hydrogen bonds with Asn30
of PROP*N compared to Asp30 of PROYT. An X-ray crystal
structure has also demonstrated that NFV has a larger number
of hydrogen bonds with PROP*™ than with PROWT,!!

However, D30N is a major amino acid substitution®®
associated with NFV resistance of HIV-1, and HIVDP*N
showed a 5.3-fold increase in ICsp values in antiviral assays
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Figure 2. Interactions of protease inhibitors with wild-type and D30N mutant protease. Interactions of SQV with (a) wild-type (PRO™7)
and (b) D30N-containing mutant protease (PROP*™) are shown. SQV has hydrogen-bond interactions (dotted yellow lines) only in the S2
site but no such interactions in the S2’ site. The hydrogen bonds of SQV with the mediating water molecule, Asp25, Asp25’, and Gly27,
are present but not shown. Hydrogen-bond interactions of NFV with (¢c) PROY" and (d) PRO™™. The bridging water-303 has hydrogen
bonds with Ile50 and I1e50’, water-315 hydrogen bonds with Asp29’, and water-422 hydrogen bonds with Gly27’. Simulations were carried
out for NFV with these three waters molecules explicitly present, with one of the bridging water molecules and without any explicit water
molecule. Nefinavir has more hydrogen bonds with residues 29 and 30 in PROP® even though it has a lower antiviral potency against
HIV-1P%N Hydrogen bonds of LPV with (e) PROYT and (f) PROP**. LPV has more hydrogen-bond interactions with the S2 site for the
mutant than it has for the PROVT. The crystal structure for LPV IMUI (PDB ID) does not have waters. Hydrogen-bond interaction of TPV
with (g) PROYT and (h) PROP3, Unlike other inhibitors in this study, TPV directly hydrogen bonds with Ile50 and I1e50” but a bridging
water molecule hydrogen bonds with Gly48 in the flap. Interactions of APV with (i) PROYT and (j) PRO™™ are shown. In the S2 site of
the protease, the THF ligand of APV has an additional hydrogen bond with Asn30 (PRO™T) compared to Asp30 (PROYY). In the S2” site,
the aniline nitrogen of APV has a hydrogen bond with the side chain of Asp30 (PRO™) and the hydrogen bond is lost for the Asn30
mutant. Structural interaction of DRV with (k) PRO™T and (1) PROP*N are shown. The bis-THF ligand of DRV has more hydrogen-bond
interactions with PRO™®™ compared to the PROY. The water molecule mediating hydrogen bonds between the inhibitor and Ile50 and
He50’ in the flap is shown. The water molecule is present in docking and free energy simulations of APV, GRL-98065, GRL-02031, and
SQV but is not shown. Hydrogen-bond interactions of GRL-02031 with (m) PRO"T and (n) PRO™™ are shown. (0) Hydrogen-bond
interactions of GRL-98065 with wild-type protease are shown. The bis-THF ligand of GRL-98065 has hydrogen-bond interactions with
backbone atoms of Asp29 and Asp30 in the S2 site and with Asp30” in S2’. (p) Besides maintaining the backbone hydrogen bonds with
Asp29 and residue-30 and -30’ of PROP*N, GRL-98065 forms additional hydrogen bonds with the side chains of Asn30 and Asn30".
Hydrogen-bond interactions of AZV with (q) PRO™T and (r) PROP*™.

Table 1. Antiviral ICsy Values (M) of Protease Inhibitors against Wild-Type and Mutant Protease

HIVYT ICs HIVDIN [Cy, HIVEY ICs HIVVSVBSY 104, HIVEBH ICs HIVEH 1C5
inhibitor (uM) wM) (uM) (M) uM) (uM)

saquinavir 0.008 £ 0.003° 0.031 £ 0.005 (3.9)" 0.034 £0.001 (3.9) 0.023 £+ 0.01 (2.9) 0.015 +0.009 (1.9) 0.004 + 0.0004 (0.5)
nelfinavir 0.018 £ 0.002 0.096 £ 0.005 (5.3) 0.11 +£0.08 (6.1) 0.083 £ 0.071 (4.6) 0.22 +0.05 (12.4) 0.031 £ 0.005 (1.7)
lopinavir 0.018 £ 0.001 0.055 +£0.011 (3.1) 021 +0.14(11.7) 0.037 £0.007 2.1) 0.30 & 0.009 (16.5) 0.048 £ 0.009 2.7)
amprenavir 0.028 £ 0.007 0.0066 £ 0.0049 (0.2) 0.16 £0.13(5.7) 0.058 +0.024 (2.1} 0.083 £ 0.018 3.0) 0.038 £ 0.003 (1.4)
tipranavir 0.15+£0.05 0.0047 £ 0.0002 (0.03) 0.34 £0.03 (2.3) 0.28 4+ 0.003 (1.9) 0.32+0.01(22) 0.12 4+ 0.05 (0.8)
darunavir 0.003 =+ 0.0007 0.0015 £+ 0.0013 (0.5) 0.014 +0.012(4.7) 0.0057 £ 0.0024 (1.9)  0.0033 £0.0001 (1.1) 0.0018 £ 0.0008 (0.6)
GRL-02031 0.02 £ 0.008 0.0087 £ 0.0067 (0.4) 0.014 £ 0.001 (0.7) 0.036 £+ 0.002 (1.8) 0.033 £0.0009 (1.7) 0.012 £ 0.001 (0.6)

GRL-98065 0.0003 £ 0.00006  0.00055 = 0.00035 (1.8)  0.0018 & 0.001 (6.0)  0.0018 £ 0.0007 (6.0)  0.0004 £ 0.0001 (1.3)  0.00015 = 0.00007 (0.5)
atazanavir 0.004 + 0.0004 0.0016 £ 0.0008 (0.4) 0.0019 £+ 0.001 (0.5) 0.0015 & 0.0001 (0.4)  0.0086 £ 0.0041 (2.2) 0.003 £ 0.001 (0.8)

9 The ICso values shown represent means £ 1 SD of assays conducted in duplicate or triplicate on more than three different occasions for the
study. ® The fold change in activity of the mutants from the wild-type ICs are shown within brackets.

(Table 1). Examining the structural interactions of LPV and
TPV against PROVT and PROP*™™ mutants (Figure 2e—h),
we observed that both inhibitors have more hydrogen bonds
with residues 29 and 30 of PROP3™ than they have for those
of PROYT. Antiviral data show that while LPV has a 3.1-
fold increase in ICso, HIVPN was about 30 times more
sensitive to TPV (Table 1). Comparison of the structural
interactions of DRV, TPV, GRL-02031, and GRL-98065
with PROYT and PROP*™ (Figure 2k—p) revealed that all
of them have more hydrogen-bond interactions with
PRO™™, APV, which is 5-fold more potent against HIVP*N
(Table 1), has three hydrogen bonds with Asp29, Asp30,
and Asp30’ for PROYT and forms three hydrogen bonds with
Asp29 and Asn30 for PRO™N in structural models (Figure
2i and 2j). Thus, it is clear that while the number of hydrogen
bonds may provide an intuitive understanding of binding and/
or antiviral potency, it may not always explain why certain
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PIs show a decrease in antiviral potency with D30N
substitution while other PIs show an increase.

Free Energy Changes in Complexes with the D30N
Mutation Determined by GBSA Simulations. Since the
number of hydrogen bonds between PIs and protease does
not always help predict the potency of Pls as discussed above,
we examined the free energies under four different simulation
conditions: with and without explicit water(s) and with QM
or with MM charges on the inhibitor (Table 2, Supporting
Information Tables S1 and S2). It was assumed that an
increase in the change of free energy of binding (AAG more
positive) is to be expected for a decrease in antiviral activity
and vice versa. With the D30N mutation in PROP*N, SQV
showed a reduction in antiviral activity by 3.9-fold. With
the bridging water and QM charges on SQV, the free energy
change (AAGgmywat) Of the SQV —protease complex increased
by 4 kcal/mol for the D30N mutation (Table 2). HIVDP3N
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Table 2. Change in Free Energy (kcal/mol) Associated with D30N Mutation”

inhibitor AAGgwa (kcal/mol) AAG v (kcal/mol) AAGyy, (kcal/mol) AAGym (keal/mol) ICsq fold change”
saquinavir +4 +4 -1 -2 39
nelfinavir +7 +9 —11 -9 5.3
lopinavir n.d. n.d. +17 +21 3.1
amprenavir —12 +12 +11 +7 0.2
tipranavir =5 -2 —12 -9 0.03

“The qm subscript refers to the use of protein-polarized QM charges on the inhibitor, and the mm subscript refers to the use of fixed
force-field-based charges. The use of an explicit bridging water is shown by the wat subscript. A positive AAG indicates a decrease in binding
affinity, while a negative AAG indicates an increase. ® ICs fold change greater than 1 indicates a reduction in potency with D30N mutation,

while a fold change of less than 1 indicates sensitivity.

Table 3. Correlation Coefficient (r) of the Free Energies of Binding versus Experimental ICso Data®

Set-1 (PROVT PROP3N PROSOV)

Set-2 (PROwT PRoDSON PRolS()V PROvSZIﬂSSV)

Set-3 (PROYT and all mutant proteases)

Vi Tgm Fmmswat Fam/wat Fom Tqm Fmm/wat Fam/wat Fmm Tqm Fmm/wat Fqmjwat
DRV 0.30 0.91 0.93 0.93 0.14 0.65 0.53 0.81 0.29 0.23 0.46 0.83
98065  0.35 0.18 0.99 0.94 0.31 0.40 0.32 0.66 0.53 0.17 0.46 0.48
APV 0.26 0.66 0.57 0.99 0.34 0.23 0.47 0.88 0.31 0.19 0.29 0.60
02031 0.16 0.78 0.24 0.78 0.46 0.48 0.21 0.10 0.61 0.62 0.02 0.19
TPV 0.96 0.70 0.49 0.83 0.91 0.71 0.01 0.68 0.14 0.04 0.04 0.50
NFV 0.21 0.51 0.83 0.77 0.26 0.35 0.71 0.59 0.11 0.31 0.41 0.39
NFV 021 051 062" 097 0.26 0.35 0.48" 0.92" 0.11 0.31 0.18" 0.58"
LPV 0.76 0.97 n.d. n.d. 0.42 0.59 n.d. n.d. 0.16 0.66 n.d. n.d.
SQV 0.06 0.45 0.96 0.99 0.11 0.43 0.94 0.87 0.78 0.22 0.57 0.84
AZN 0.76 0.54 0.06 0.16 0.13 0.14 0.35 0.16 0.24 0.17 0.66 0.59
AZV 076 054 091"  0.64 0.13 0.14 0.34" 0.53" 0.24 0.17 0.62° 0.58”

“The qm subscript refers to the use of protein-polarized QM charges on the inhibitor, and the mm subscript refers to the use of fixed
force-field-based charges. The use of an explicit bridging water is shown by the wat subscript. Bold font indicates correlation (r > 0.5).
b Calculated with three water molecules that mediate hydrogen bonds between the protease and the inhibitor.

was resistant to NFV by 5.3-fold compared to HIVV?, and
AAG guwa Showed an increase in the free energy of binding
by +7 kcal/mol. HIV-1 containing PRO™™ was more
sensitive to APV and TPV, and AAGguwa for PROP*™ with
APV and TPV was —12 and —5 kcal/mol, respectively
(Table 2). The AAG g values showed that both TPV and
APV had a higher affinity for PROP*™ than for PRO™®
(Table 2) and correlated with the increase in sensitivity to
these inhibitors.

We next compared the free energy changes (AAG wwar)
simulated using the bridging water molecule but with
force-field-based fixed MM charges on the inhibitors. The
AAG pywa values of +4 and +9 kcal/mol for SQV and NFV,
respectively, showed that the simulation results in an increase
in the free energy of binding correlating with the reduction
of antiviral activity. However, the AAGymwa value showed
a wrong trend for APV (+12 kcal/mol) and was alike for
TPV (—2 kcal/mol). The AAGyy and AAG,, values were
negative for SQV and NFV, respectively, while they were
positive for APV. Thus, AAGyy, and AAGp,, values, which
did not incorporate the bridging water molecule explicitly,
simulated inaccurate changes in the free energy of binding
for SQV, NFV, and APV. The crystal structure for LPV
(PDB ID 1MUI) did not have any water molecules present,
and all simulations involving LPV were carried out with
implicit water. The AAGy, and AAG,,,, values for LPV were
+17 and +21 kcal/mol, respectively. The increase in the
change in the free energy of binding of LPV with PROPN
was consistent with its decrease in antiviral potency with
D30N substitution. For TPV, the negative AAG,, and
AAG, values indicated favorable free energy of binding

for PROP¥N compared to PROY" and correlated with the
increase in antiviral potency of TPV with the D30N mutant.

In summary, the AAGguwwa values provided consistent
trends of the change in free energy of binding for PROP*N,
which is resistant to SQV and NFV but is more sensitive to
APV and TPV. AAGyy, and AAG,,, did not always provide
the correct trend of change in the free energies of binding.

Correlation of Free Energy and Antiviral Potency
for Active Site Mutants. The GBSA free energies were
simulated under four conditions: (i) with implicit solvation
terms and MM charges on both ligand and protein (AGm),
(ii) with explicit water and implicit solvation terms (hybrid
solvation model) with MM charges on both ligand and
protein (AGuuwar), (iii) with implicit solvation terms and
protein-polarized QM charges on the ligand and MM charges
on the protein (AGgn), and (iv) with explicit water and
implicit solvation terms (hybrid solvation model) with
QM charges on the ligand and MM charges on the protein
(AGgmpar). All the free energy values determined are shown
in Supporting Information Tables S1 and S2.

We analyzed the correlation of the free energies thus
computed with the experimentally determined antiviral
potency data (ICs), and the resultant correlation coefficients
are shown in Table 3, where Set-1 refers to the correlation
coefficient for PROYT, PROP¥N and PRO™, Set-2 refers
to the correlation coefficient for PROWT, PROPN, PROPOV,
and PROY3Y and Set-3 refers to the correlation coef-
ficients for PROVT, PROP¥N, PROPOY, PROVSBY PRO?40,
and PRO?*!_ For Set-1, #um (correlation coefficient of AGpp,
vs ICsg) showed a strong correlation for only TPV, LPV,
and AZV (Table 3). The ryy, value was poor for the other
PIs and indicates the difficulty of obtaining reasonable
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correlations between free energies and antiviral potency. The
Fqn (correlation coefficient of AGy, vs ICsp) values that
represented correlation coefficients when the free energies
were simulated with polarized QM charges on the ligands
showed significant improvement and a strong correlation for
DRV, APV, GRIL.-02031, and LPV. However, both ryum and
rqm values were poor for GRL-98065 and SQV.

We next determined, for Set-1, the correlation obtained
by the hybrid water model that has an explicit bridging water
molecule between the inhibitor and the protease flap. The
explicit water was treated as a part of the protein, and implicit
solvation terms were used. The rumwa value (correlation
coefficient of AGumwa Vs ICsp) represented a greater cor-
relation than ry,, for all Pls except TPV and AZV. TPV
directly formed hydrogen bonds with He50 and Ile50’, and
the water molecule included in this calculation formed
hydrogen bonds with Gly48 of one monomer of the protease
dimer. For other PIs, the bridging water molecule formed
hydrogen bonds with the flaps from both monomers. The
Famiwat Value (correlation coefficient of AGgmpva VS 1Csp) had
a high degree of correlation for all PIs except AZV. Thus,
the explicit inclusion of the water molecule bridging
hydrogen bonds with the flap and protein-polarized QM
charges for the inhibitors provided strong correlation (r >
0.75) for seven out of eight inhibitors. The correlation
coefficient rymmwat for NFV with three bridging waters was
0.97, a significant improvement over the correlation coef-
ficient of 0.77 obtained with one bridging water molecule.
The rqmwat value for AZV also improved from 0.16 to 0.64
with the inclusion of three bridging water molecules.

We also determined #mm, Tqm> Fmmwat, a0d Fompwar values
for Set-2, which included PROV3VI8Y a5 well (Table 3). The
rum value was poor for all PIs except TPV, while the rqm
values showed good correlations for DRV, LPV, and TPV.
The Fumwae value showed strong correlation for only SQV
and good correlation (0.55 < r < 0.75) for NFV. The rqmwat
value showed strong correlations for DRV, APV, and SQV
and good correlations for GRL-98065 and TPV. The rqmivat
value for NFV jumped from 0.59 to 0.92 with the incorpora-
tion of three bridging water molecules instead of one.

The correlation coefficients with a hybrid water model and
with QM-polarized ligand charges (rqmwat) on the PIs were
higher for most of the Pls compared to the correlation
coefficients obtained without any explicit water molecule and
MM charges (rum)- The only exception was for TPV, which
was the only nonpeptidomimetic inhibitor among the PIs
examined. TPV displaces the tetracoordinated water molecule
and interacts directly with Ile50 and Ile50’ in the flap.*® The
hydrogen-bond interaction of the bridging water molecule
with TPV and Gly48 of one chain might not be an important
contributor to its potency. Also, in general, the Fgmjwar values
provided better correlations than rgp.

Correlation of Free Energy and Antiviral Potency
for Active and Nonactive Site Amino Acid
Substitutions. We next analyzed the correlations of the free
energies with the antiviral potency (ICso values) for PROVT,
PROPIN PROIOV. PROVSIBY PROZB that contains L10R,
M461, L63P, V82T, and 184V, and PRO?* that contains
M4del, L63P, V82T, and 184V substitutions (Set-3 in Table
3). The analysis of PRO?% and PRO?*! was substantially
complex since both proteases contained nonactive site
substitutions, but it was worth examining the ability of the

312

DAs ET AL.

-65|

@ PROSY

@ PRO™T

dG

75—
® PROZ%

@ pRQvezissy PRO284!
80—
pRODeN ©

-85 1 1
75 8.0 8.5 9.0
nlC-.

-60

® GRL-02031

o
APV
70

dG

80

9 GRL-98065
GRL-06579 [ ]

-90 { 1 1 f
7.0 7.5 8.0 8.5 9.0 9.5 10.0
pIC,,

Figure 3. Correlation of free energy and antiviral activity. (a) Scatter
plot of AGguwa vs pICsy for DRV for Set-3. (b) Scatter plot of
AGqmpa V8 pICsy (PROYT) for ligands with bis-THF-related cores.
The correlation coefficient is shown in both figures.

GBSA energy function to correlate with antiviral activity
when substitutions distant from the inhibitor were present.
In general, the correlation coefficients for Set-3 turned out
to be low, indicating a lower correlation between the free
energies and antiviral potencies when nonactive site mutants
were present. For DRV, the rym, Fgm, and Fomivae values
indicated that the corresponding free energies had no
correlation with ICsy values. However, the value of Fgupwat
for DRV was (.83, showing a strong correlation for simula-
tions with polarized QM charges on the inhibitor with a
hybrid water model (Table 3, Figure 3a). For SQV, strong
correlations were obtained for both AG ,, with ICsg (Fum =
0.78) and AGguywa With ICsp (Fgmpvar = 0.84). For APV and
TPV, rqmmwa values were 0.60 and 0.50, respectively, but
there was no correlation when other GBSA protocols were
used for these inhibitors. The rqmmwa values were greater than
0.75 for two inhibitors and greater than 0.55 for five
inhibitors. The rqm and rumwa values were greater than 0.55
for two inhibitors. Thus, the hybrid water model and
inclusion of polarization effects, compared to the other
protocols, simulated free energies with better correlation with
antiviral ICsy for more inhibitors.

GBSA with Hybrid Water Model and Polarizable
Quantum Charges on PIs as a Lead Optimization
Tool. Obtaining a correct relative rank of activity for
inhibitors that had potency in the nanomolar range has been
a real challenge for scoring methods.? Scoring methods
providing sufficiently high correlation with potency may
serve as a lead optimization tool. In our data set, DRV and
GRL-98065 have a bis-THF group as the core, GRL-06579
and GRL-02031 have a Cp-THF as the core, and APV has
a THF group as the core. All these inhibitors were extremely
potent against PROYT and had a narrow range of activity
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Table 4. Experimental Free Energies” of Protease Inhibitors Against PRO™T

DRV APV GRL-98065 GRL-02031 GRL-06579
1Cso (M) 0.003 0.028 0.0003 0.02 0.002
AGey, (kcal/mol) -11.6 —10.3 —13.0 —10.5 —11.9

@ Experimental free energies determined as AGe, = RT In(ICsp), where R and T represent the universal gas constant and temperature,

respectively.

ranging from 0.3 to 28 nM (Table 1). We computed AG.,
from the antiviral ICsq values (Table 4). Such transformations
have recently enhanced the understanding of the binding of
N-sulphonyl-glutamic acid inhibitors to MurD ligase and in
understanding the efficiency of DNA catalysis.'**” Substitu-
tion of the THF group of APV with the bis-THF group
(DRV) resulted in a —1.3 kcal/mol improvement in the free
energy of binding. GR1.-98065 has a 1,3-benzodioxole group
as P2’ ligand compared to an aniline group in DRV, which
resulted in the AGey, of GRL-98065 being lower (i.e., better
binding affinity) by —1.4 kcal/mol than DRV. Both GRL-
06579 and GRL-02031 have a Cp-THF as the P2 ligand but
different substituents interacting with the S1° and S2’
locations in the protease active site. The AGey, of GRL-06579
is lower by 1.4 kcal/mol than GRL-02031. Among these five
PIs, APV and GRL-02031 have the worst AG.y, and GRL-
98065 has the best AGey,. The absolute magnitudes of our
simulated GBSA free energies are larger than those measured
experimentally due to the force-field parameters and the form
of the energy function, but trends and correlation with
experiments can be deduced. Our AGguya values simulated
the correct trend by predicting that the worst binding free
energy was for APV and GRL-02031, and the best binding
free energy was for GRL-98065 (Supporting Information
Table S1). None of the other GBSA protocols predicted the
trend correctly (Supporting Information Tables S1 and S2).
We further analyzed the correlation of the free energies
calculated by our methods against ICsy values for these five
Pls. The rmm and Famwae values were 0.10 and 0.03,
respectively, indicating that there was no correlation of
GBSA free energies simulated by using MM charges with
or without explicit inclusion of water. The difficulty of
obtaining good correlation of free energies against antiviral
activity is evident from this small but nontrivial data set.
The rgm value was 0.74, indicating that incorporation of
protein-polarized QM charges on the inhibitors substantially
improved the correlation. Including the bridging water
molecule with protein-polarized QM charges on the Pls
resulted in a Fymyae value of 0.93 for PROYT (Figure 3b).
Thus, a simulation using the hybrid water model and protein-
polarized QM charges on the ligands resulted in a strong
correlation, while there was no correlation for simulations
with fixed MM charges.

For our docking and subsequent GBSA simulations, we
used the crystal coordinates of BCV—protease complex (PDB
ID 2FDE)*? as our starting template. BCV, DRV, and GRL-
98065 had a bis-THF moiety as the core ligand, and APV,
GRL-06579, and GRL-02031 had cores that had a high
similarity with bis-THF. The high correlation obtained with
AGgmwa-ICso indicated that free energies obtained with a
hybrid water model and polarized QM charges on the ligands
would be a promising approach for lead optimization.
Currently, we are exploring the utility of GBSA free energy
simulations once a correct binding mode is obtained, and

we wanted to use native or native-like crystal structure as a
template as a proof-of-principle study. We have not explored
docking ligands against non-native protease crystal structures
in the current study. A more exhaustive examination that
includes poses obtained by cross docking needs to be
performed.

DISCUSSION

Progress has been made in improving the robustness of
scoring functions to determine the relative affinity of
inhibitors for target proteins, but there are vast scopes where
significant improvement can be made."” Part of the reason
for the inaccuracies in the scoring functions arise because
(i) the current methodologies largely account for enthalpic
changes while completely ignoring entropic changes, (ii) they
do not properly treat protein flexibility, (iii) they do not
properly account for solvation and desolvation effects, and
(iv) they do not account for the polarization induced by the
protein and the ligand on each other."*’ Most of the studies
on scoring functions deal with rank ordering the activity of
a congeneric set of ligands. The prediction of activity of a
ligand against mutant proteins is very important in light of
drug-resistance mutations that emerge in many therapeutic
areas.

We explored the correlation of GBSA free energies with
antiviral potency (ICso values) of nine different Pls against
wild-type and mutant proteases. Correlation with enzymatic
K; would result in similar conclusions since these PIs have
good cell penetration and are highly protease-specific inhibi-
tors. Furthermore, these PIs do not form aggregates and do
not have the problematic properties discussed by Shoichet
et al.*84

The GBSA free energies were simulated by four different
protocols: (i) fixed MM charges in implicit solvent (AGgm),
(ii) protein-polarized QM charges of PIs in implicit
solvent (AGyn), (iii) fixed MM charges in a hybrid solvent
(AGuuwwa), and (iv) protein-polarized QM charges of Pls in
a hybrid solvent (AGquwa). The hybrid solvent protocols
have retained an explicit water molecule(s) that bridges
hydrogen bonding with the protease in an otherwise implicit
solvent environment. The protein-polarized ligand charges
were determined during ligand docking in the protein
environment at the B3LYP/6-31G* level, and these polarized
charges were maintained for the ligand for the full GBSA
simulation cycle. These enable us to analyze the effect of a
different charge model compared to the static charges from
a force field (Supporting Information Figures S3 and S4).
Free energies from a successful GBSA protocol should
provide a good correlation with the antiviral activity against
wild-type and mutant protease. Resistance mutations in the
protease active site arise primarily due to loss of favorable
binding interactions. Resistance caused by nonactive site
mutations is more difficult to understand and rationalize,
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although some attempts to elucidate the mechanism have
recently been made.'>*0"5?

We initially compared the correlation coefficients for
PROYT, PRO™ and PRO™ (Set-1). The antiviral potency
of the inhibitors for wild-type and mutant proteases are
shown in Table 1, and the inhibitors have potency (ICsg
values) in the nanomolar range. The Fgmpwat value was higher
than 0.75 for 7 out of 8 PIs for Set-1, with rymwae being
more than 0.90 for 4 PIs (Table 3). PRO™ was associated
with SQV, NFV, and LPV resistance of HIV-1 and increased
susceptibility to APV and TPV (Table 1). It is noteworthy
that rqmpwae showed substantial correlation values of greater
than 0.75 even though the fold change in antiviral activity
for PROP*™ is nonmonotonic. AZV is the only PI that did
not show a correlation of AGgmaa With the ICso value with
one bridging water molecule. By including two additional
bridging water molecules for NFV and AZV, rympwa im-
proved to 0.97 and 0.64, respectively. Selective inclusion of
explicit water molecules needs to be explored and validated.
For Set-1, Fumwat, Fqm, and rym had strong correlation for 4,
3, and 3 PIs, respectively.

Correlations for Set-2 included the mutant PROVS2VIS5Y,
While V82I is located in the protease active site and
represents one of the major resistance-associated mutations
for Pls, 183V was selected as a resistance-associated mutation
for GRL-98065 even though it does not form a direct van
der Waals contact.*> For Set-2, the number of Pls that
showed strong correlation coefficients for rymwar and Fiumswat
were 4 and 1, respectively, while ryy and ryy, did not show
strong correlations for any PI. Set-3 included Set-2 as well
as PRO%%0 and PRO®*!, which had mutations distant from
the active site. We included such mutations because they
are seen in drug-resistant HIV-1-harboring patients, and we
wanted to test the ability of the GBSA energy function to
correlate with the antiviral 1Csy for such protease substitu-
tions. The rqmwat values showed strong correlation coef-
ficients for only DRV and SQV for Set-3 and moderate
correlation for 3 other PIs. The correlation coefficients,
Frmiwat and Fgm, were from 0.55 to 0.75 for two PlIs in Set-3,
suggesting that those two PIs had a moderate correlation
between the free energies and the ICsy values.

Analysis of correlation coefficients in Table 3 indicated
that Fqmpwae had strong (r > 0.75) and moderate (0.55 <r <
0.75) correlation for more PIs than Frumswat, Fams OF Fm. This
suggested that the GBSA free energies simulated with a
hybrid water model with protein-polarized QM charges on
the inhibitors had a higher correlation with antiviral ICs, than
the other free energy simulation protocols. Others'~ have
suggested that improved treatment of solvation and polar-
izability may improve the robustness of scoring functions,
and we demonstrated that our use of selected explicit water
molecule(s) and protein-polarized QM partial charges on the
inhibitor provided greater correlation with antiviral potency.
Further improvement might be achieved by (i) improving
upon the hybrid water model (ii) by accounting for the
polarization induced by the inhibitors on the protein atoms
and (iii) by including changes in entropy.
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Nucleoside reverse transcriptase inhibitors (NRTIs) are
employed in first line therapies for the treatment of human
immunodeficiency virus (HIV) infection. They generally lack a
3/-hydroxyl group, and thus when incorporated into the nascent
DNA they prevent further elongation. In this report we show
that 4'-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA), a nucleo-
side analog that retains a 3'-hydroxyl moiety, inhibited HIV-1
replication in activated peripheral blood mononuclear cells with
an EC;, of 0.05 nM, a potency several orders of magnitude better
than any of the current clinically used NRTIs. This exceptional
antiviral activity stems in part from a mechanism of action that
is different from approved NRTIs. Reverse transcriptase (RT)
can use EFdA-5'-triphosphate (EFdA-TP) as a substrate more
efficiently than the natural substrate, dATP. Importantly,
despite the presence of a 3'-hydroxyl, the incorporated EFdA
monophosphate (EFdA-MP) acted mainly as a de facto termina-
tor of further RT-catalyzed DNA synthesis because of the diffi-
culty of RT translocation on the nucleic acid primer possessing
3’-terminal EFAA-MP. EFdA-TP is thus a translocation-defec-
tive RT inhibitor (TDRTI). This diminished translocation kept
the primer 3'-terminal EFdA-MP ideally located to undergo
phosphorolytic excision. However, net phosphorolysis was not
substantially increased, because of the apparently facile reincor-
poration of the newly excised EFdA-TP. Our molecular model-
ing studies suggest that the 4'-ethynyl fits into a hydrophobic
pocket defined by RT residues Ala-114, Tyr-115, Phe-160, and
Met-184 and the aliphatic chain of Asp-185. These interactions,
which contribute to both enhanced RT utilization of EFdA-TP
and difficulty in the translocation of 3'-terminal EFdA-MP
primers, underlie the mechanism of action of this potent anti-
viral nucleoside.
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Nucleoside reverse transcriptase inhibitors (NRTIs)* are
central components of first line regimens for treatment of HIV
infections (1—6). Currently, there are eight clinically approved
NRTIs: AZT, 3TC, FTC, ABC, ddl, ddC, d4T, and the nucleo-
tide tenofovir (TFV; reviewed in Refs. 7 and 8). A structural
hallmark of these NRTIs is the lack of a 3'-OH; it has long been
considered that the absence of the 3'-OH is essential for anti-
viral activity. However, the absence of the 3'-OH in NRTIs also
imparts detrimental properties to the inhibitor, including
reduced affinity for RT compared with the analogous dNTP
substrate, as well as reduced intracellular conversion to the
active nucleoside triphosphate (9).

Previously we described a series of 4'-substituted NRT1s (10)
that retain the 3'-OH group and have excellent antiviral prop-
erties and significantly improved selectivity indices (CCyy/
EC,,) compared with the approved NRTIs, Furthermore, these
NRTIs efficiently suppress various NRTI-resistant HIV. The
most potent of these 4'-substituted NRTIs are the adenosine
analogs that have an ethynyl group at the 4’ position of the ri-
bose ring. Despite their high anti-HIV activity, 4'-substituted
compounds are susceptible to degradation by adenosine deami-
nase (11), a property that limits the plasma and intracellular
half-life of the drugs. To overcome the adenosine deaminase
sensitivity of these 4’-ethynyl NRTIs, we developed a second
generation of analogs substituted at the 2-position of the ade-
nine ring (12). We recently reported that the 2-halogenated,
4/ -ethynyl compounds have remarkably improved potency and
selectivity indices (CC,o/ECs,) compared with the nonhaloge-
nated analogs and significantly better ones compared with

4 The abbreviations used are: NRTI, nucleoside reverse transcriptase inhibitor;
TORTI, translocation-defective RT inhibitor; RT, reverse transcriptase; HIV,
human immunodeficiency virus; EFdA, 4'-ethynyl-2-fluoro-2’-deoxyade-
nosine; MP, monophosphate; TP, triphosphate; AZT, azidothymidine; EdA,
4'-ethynyl-2’-deoxyadenosine; EFddA, 4’-ethynyl-2-fluoro-2’,3'-dide-
oxyadenosine; EFd4A, 4’-ethynyl-2-fluoro-2',3'-dihydro-2',3'-dideoxy-
adenosine; Ed4T, 4’-ethynyi-2’,3’-dihydro-3'-deoxythymidine; TFV, teno-
fovir; PBMC, peripheral blood mononuclear cell; T/P, template/primer;
T/Peeaame OF T/Paaame template/primer possessing either EFdA-MP or
ddAMP at the 3'-primer terminus (or T/P chain terminated by EFdA or ddA);
N-site, nucleotide-binding site; P-site, primer site; PDB, Protein Data Bank;
d4T, stavudine.
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TABLE1
DNA and RNA sequences used in this study

The primers were fluorescently labeled at the 5'-end except for the footprinting experiments, in which the template was fluorescently labeled at the 5'-end.

Polymerization experiments

Tai00 5'-TAG TGT GTG CCC GTC TGT TGT GTG ACT CTG GTA ACT AGA GAT CCC TCA GAC CCT TTT AGT
CAG TGT GGA AAA TCT CTA GCA GTG GCG CCC GAA CAG GGA C
Pyg 5'-Cy3 GTC CCT GIT CGG GCG CCA
T 5'-CCA TAG CTA GCA TTG GTG CTC GAA CAG TGA C
T 5'-CCA UAG CUA GCA UUG GUG CUC GAA CAG UGA C
Py 5'-Cy3 GTC ACT GIT CGA GCA CCA
Gel shift experiments
Tass 5-AAT CAG TGT AGA CAA TCC CTA GCA TTG GTG CTC GAA CAG TGA C
Pare 5'-Cy3 GTC CCT GTT CGG GCG CCA
Footprinting experiments
Paso 5'-TTG TCA CTG TTC GAG CAC CA
Tyus 5'~-Cy3 CCA TAG CTA GCA TTG GTG CTC GAA CAG TGA CAA TCA GTG TAGA

other approved NRTIs. These compounds are resistant to deg-
radation by adenosine deamination (13). The most potent of
these compounds is EFdA (Fig. 14), which was recently shown
not to inhibit human DNA polymerases « and 8 or mitochon-
drial DNA polymerase vy (12). Notably, clinically important
drug-resistant HIVs (14, 15) are sensitive or hypersensitive to
this compound (13).

Despite its remarkable antiviral potency, the molecular
mechanism by which EFdA and related compounds inhibit HIV
is unknown. To elucidate this mechanism we carried out bio-
chemical experiments that systematically decipher the effect of
EFdA on each of the mechanistic steps of DNA synthesis by
HIV RT. On the basis of these experiments we propose that
EFdA-5'-triphosphate (EFdA-TP) inhibits RT by first being
incorporated at the 3'-primer terminus, and after its incorpo-
ration it prevents further addition of nucleotides by blocking
the translocation of the primer strand on the viral polymerase.
We therefore termed EFdA a “translocation-defective reverse
transcriptase inhibitor (TDRTI).” By understanding the molec-
ular details of RT inhibition by a highly potent NRTI, we hope
to gain insights into the design of even more efficacious inhib-
itors that may act via same or similar mechanisms.

EXPERIMENTAL PROCEDURES
Enzymes and Nucleic Acids

The RT genes coding for p66 and p51 subunits of BH10
HIV-1 were cloned in the pETDuet-1 vector (Novagen) using
restriction sites Ncol and Sacl for the p51 subunit and Sacll and
Avrll for the p66 subunit. The sequences coding for a hexahis-
tidine tag and the 3C protease recognition sequence were added
at the N terminus of the p51 subunit. RT was expressed in BL21
(Invitrogen) and purified by nickel affinity chromatography and
MonoQ anion exchange chromatography (16). Oligonucleo-
tides used in this study were synthesized chemically and pur-
chased from Integrated DNA Technologies (Coralville, IA).
Sequences of the DNA/RNA substrates are shown in Table 1.
Deoxynucleotide triphosphates and dideoxynucleotide triphos-
phates were purchased from Fermentas (Glen Burnie, MD).
EFdA was synthesized by Yamasa Corp. (Chiba, Japan) as
described previously (12). Using EFdA as the starting material,
the triphosphate form, EFdA-TP, was synthesized by TriLink
BioTechnologies (San Diego, CA). Concentrations of nucleo-
tides and EFdA-TP were calculated spectrophotometrically on
the basis of absorption at 260 nm and their extinction coeffi-
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cients. All nucleotides were treated with inorganic pyrophos-
phatase (Roche Diagnostics) as described previously (17) to
remove traces of PP; contamination that might interfere with
the rescue assay.

Cell-based HIV-1 Replication Assays

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donor buffy coats (purchased from the Central
Blood Bank, Pittsburgh, PA) using Ficoll-Hypaque (His-
topaque, Sigma-Aldrich) gradient centrifugation as described
previously (18). PBMCs were stimulated with 5 pg/ml phyto-
hemagglutinin (Sigma) in RPMI 1640 containing 10% fetal
bovine serum for 48 h prior to exposure to drug and virus. After
washing, the activated cells were resuspended in RPMI 1640/
fetal bovine serum containing interleukin-2 (10 units/ml) and
varying concentrations of the NRTIs and then were infected
with HIV-1,, 5 at a multiplicity of infection of 0.01. HIV-1
infection was assessed by measuring HIV-1 p24 antigen in cell-
free culture supernatants obtained 7 days post-infection using
an HIV-1 p24 antigen capture assay kit (SAIC, Frederick, MD).

Primer Extension Assays

Characterization of EFAA-TP as a Chain Terminator—DNA
or RNA template was annealed to a 5'-Cy3-labeled DNA
primer (3:1 molar ratio). To monitor the primer extension, the
DNA/DNA or RNA/DNA hybrid (20 nm) was incubated at
37 °C with HIV-1 RT (20 nnm) in a buffer containing 50 mm Tris
(pH 7.8) and 50 mm NaCl (RT buffer). Subsequently, varying
amounts of EFAA-TP or ddATP were added, and the reactions
were initiated by the addition of 6 mm MgCl, to a final volume
of 20 ul. All ANTPs were present at a final concentration of 1
pM. The reactions were terminated after 15 min by adding an
equal volume of 100% formamide containing traces of brom-
phenol blue. The products were resolved on a 15% polyacryl-
amide 7 M urea gel. In this and subsequent assays, the gels were
scanned with a phosphorimaging device (FLA 5000, FujiFilm).
The bands for fully extended product were quantified using
Multi Gauge software (FujiFilm), and the results were plotted as
percent full extension using GraphPad Prism 4 to determine the
IC;, for EFdA-TP and other nucleotide analogs.

Steady State Kinetics—Steady state kinetic parameters, K,
and k_,,, for incorporation of EFdA-MP or dAMP were deter-
mined using single nucleotide incorporation in gel-based assays
under saturating substrate conditions. The reactions were car-
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ried out in RT buffer with 6 mm MgCl,, 100 nm T 43,/Py, 4 or
T,31/P41e and 2.5 nM RT in a final volume of 20 ul and stopped
at the indicated reaction times. The products were resolved and
quantified as described above. K,,, and k_,, were determined
graphically using the Michaelis-Menten equation.

Incorporation of ANTP to the Template/Primer (T/P) Possess-
ing Either EFAA-MP (T/Pggyn_nip) 0r ddAMP (T/P 44 010) at the
3'-Primer Terminus—T/Pepgasp and T/Pyqapp Were pre-
pared by incubating 500 nM T 45,/Py;5 with 1 um HIV-1 RT in
RT buffer and 6 mm MgCl,. EFdA-TP (1 um) or ddATP (5 um)
was added into the reaction and the mixture was incubated at
37 °C for 1 h. After incorporation of the nucleotide analogs, the
T/P, natog Was purified using the QIAquick nucleotide removal
kit (Qiagen, Valencia, CA). Under these conditions, the exten-
sion of T/P to T/Pepaa_mp OF T/Pgqanp Was complete, Purified
T/Pepaa.mp (5 nM) was incubated with 20 nm HIV-1 RT in RT
buffer and 6 mm MgCl,. The first incoming nucleotide was
added at different concentrations (0—100 um) in the presence
of the other dNTPs (1 uM). The reactions were incubated at
37 °C for 15 or 60 min.

Gel Mobility Shift Assays

Formation of RT"DNA Binary Complex—T/Prpqapp and
T/P qanmp Were prepared using T 4,5/Py; 5 as described above.
Purified T/Pgpgap OF T/Pyaamp (20 nM) was incubated at
room temperature for 10 min with different concentrations of
HIV-1RT in RT buffer and 6 mm MgCl,. RT was used at differ-
ent concentrations to obtain RT/DNA ratios that ranged from
0.25 to 7.5. Four ul of 20% sucrose was added to each mixture in
a final volume of 20 ul. The complexes were subsequently
resolved on a native 6% polyacrylamide Tris borate gel and visu-
alized as described above.

Formation of RT"DNA g4 pipdTTP Ternary Complex—Pu-
rified T/Prpga_nip OF T/Pyaane (9 nM) was incubated at room
temperature for 10 min with 100 nm HIV-1 RT, varying
amounts of the next nucleotide (1-5000 uM) in RT buffer, and
6 mM MgCl,. Prior to the addition of sucrose, 150 ng/ul heparin
was added, and finally the products were resolved on native 6%
polyacrylamide Tris borate gels and visualized as described
above.

Site-specific Fe** Footprinting Assay

Site-specific Fe** footprints were monitored on 5'-Cy3-
labeled DNA templates. Tg453/P 400 (100 nM) was incubated
with HIV-1 RT (600 nMm) in a buffer containing 120 mm
sodium cacodylate (pH 7), 20 mm NaCl, 6 mm MgCl,, and
EFdA-TP (1 pm) to allow quantitative chain termination.
Prior to treatment with Fe®*, complexes were preincubated
for 7 min with increasing concentrations of the next nucle-
otide as indicated in Fig. 5A. The complexes were treated
with ammonium iron sulfate (1 mm) as described previously
(19). This reaction relies on autoxidation of Fe*™ (20) to
create a local concentration of the hydroxyl radical, which
cleaves the DNA at the nucleotide closest to the Fe*" specif-
ically bound to the RNase H active site.

A EVEN
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PP~ and ATP-dependent Excision and Rescue of T/P gy pp and

T/Padame

PP-dependent Excision of T/Pgrya_pip 1A T/P 14 pp—Puri-
fied T/Pgpaa e ald T/P gy anip (20 M) were incubated at 37 °C
with HIV-1 RT (60 nm) in the presence of 150 um 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.

PP;-dependent Rescue of T/Prrys pp @04 T/P 444 pp—Puri-
fied T/Pgpgs e and T/Pyqanmp (20 nm) were incubated with
HIV-1 RT (60 nm) at various concentrations of PP, (0-150 um)
in RT buffer and 6 mm MgCl,. The assay was performed in the
presence of a large excess of competing dATP (100 um), which
prevented reincorporation of EFAA-MP, 0.5 um dTTP, and 10
uM ddGTP, After an incubation of 10 min at 37 °C, the reac-
tions were stopped and analyzed as described above.

ATP-dependent Rescue of T/Prpyu.nip and T/P 4y 0pp—Puri-
fied T/Pgpga.mp a0d T/Pyganp (20 nm) were incubated with
HIV-1 RT (60 nMm) in the presence of 3.5 mm ATP, 100 uMm
dATP,0.5 um dTTP, and 10 um ddGTP in RT buffer and 10 mm
MgCl,. Aliquots of the reaction were stopped at different time
points (0-~90 min) and analyzed as described above.

Molecular Modeling

Molecular models of two reaction intermediates that involve
EFdA were built as follows. 1) A model of the ternary complex
of HIV-1 RT-DNA-EFdA-TP (Fig. 7A) was built starting with
the coordinates of the crystal structure of the HIV-1
RT'DNA-TFV-DP complex. The triphosphate of EFAA-TP was
built using as a guide the corresponding atoms of TEV-DP in
structure with PDB code 1T05 and of dTTP in PDB code 1RTD.
The coordinates of the 4'-ethynyl sugar ring were from our
NMR structure of EFdA® showing that EFdA is in a North con-
formation similar to the sugar puckering observed in the crystal
structure of 4'-ethynyl-2’-deoxycytidine (21). The structure of
the EFdA-TP was assembled from its components using the
sketch module of Sybyl 7.0 (Tripos Associates, St. Louis, MO),
and minimized by the semiempirical quantum chemical
method PM3 (22). The PM3 charges and the docking module of
Sybyl 7.0 were used to dock the EFdA-TP at the RT dNTP-
binding site (after removing the TFV-DP from 1T05) to gener-
ate the ternary complex HIV-1 RT-T/P-EFdA-TP. The final
complex structure was minimized for 100 cycles using the
AMBER force field with Coleman united charges on the protein
and DNA molecules. 2) The model of the RT*T/Pypya_mp binary
complex with primer 3’-terminal EFdA-MP at the pre-translo-
cation nucleotide-binding site (N-site) (or ANTP-binding site)
(Fig. 7B) was built using as a starting model our crystal structure
of the pre-translocation complex RTT/P, ¢ p (PDB code
1IN6Q). The structures of AZTMP and the base-pairing dA
were replaced by EFAA-MP (built as in EFAdA-TP above) and a
dT, respectively, using the sketch module of Sybyl 7.0, and ener-
gy-minimized using the AMBER force field with Coleman
united charges on the protein and DNA molecules.

K. A. Kirby, K. Singh, E. Michailidis, B. Marchand, E. N. Kodama, E. Nagy, N.
Ashida, H. Mitsuya, M. A. Parniak, and S. G. Sarafianos, unpublished data.
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RESULTS

EFdA-TP Is a Highly Potent Inhibitor of HIV-1 RT—EFdA
inhibits HIV-1 replication in phytohemagglutinin-activated
PBMC s with an EC,, of 50 pm (Table 2), consistent with previ-
ously published data obtained using T-cell lines (12, 13), and
data published after completion of this work (23). The antiviral
potency of EFdA is at least 4 orders of magnitude greater than
the clinically used adenine nucleotide analog tenofovir and over
400-fold greater than that of AZT when assessed under the
same conditions (Table 2). EFdA thus appears to be the most
potent nucleoside inhibitor described to date of HIV-1 replica-
tion in primary cells. It is also interesting to note that EFdA is
substantially more potent than analogs lacking a 3'-OH func-
tion (EFddA and EFd4A; Table 2). No cytotoxicity was noted at
10 um EFdA (data not shown), the highest concentration tested,

TABLE 2

Inhibition of HIV-1 replication in phytohemagglutinin-activated
PBMCs by EFdA, EFdA analogs, and other NRTis

Compound EC”
Hat

EFdA 0.05 * 0.02
EdA 11+7
EFddA 570 £ 92
EFd4A 14 *11
Zidovudine (or AZT) 22+7
Tenofovir 3300 * 1240

“Values are means * S.D. of triplicate determinations and were determined by
assessment of reduction in HIV-1 p24 antigen production in infected cells as
described under “Experimental Procedures.”

A B ¢
=

&

EFdA-TP (nw)

[
OHODDNO L

suggesting an in vitro selectivity index of over 200,000. To bet-
ter understand the molecular basis for the exceptional antiviral
potency of EFdA, we carried out a series of detailed in vitro
evaluations of the impact of the active antiviral form of EFdA,
namely EFdA-TP, on DNA synthesis catalyzed by purified
HIV-1RT.

We first compared the effect of EFAA-TP with other NRTI-
TPs (ddATP, TFV-DP, AZTTP, and ddCTP) on RT-catalyzed
DNA synthesis in in vitro primer extension assays using a
nucleic acid T/P comprising a 100-nucleotide DNA template
annealed to a Cy3-5'-labeled 18-nucleotide DNA primer
(Table 1). As shown in Fig. 1B, EFdA-TP suppressed full-length
DNA synthesis by RT in a dose-dependent manner. EFdA-TP
was between ~1 and 2 orders of magnitude more effective at
inhibiting RT-catalyzed DNA synthesis than any of the
NRTIs evaluated. The IC,, for suppression of full primer
extension by EFdA-TP was 14 nm using the longer T 4,50/Pq1 s
(Fig. 1, Cand D). To confirm the high efficiency at which RT
uses EFdA, we performed single nucleotide incorporation
assays under steady state conditions (using T,5,/Pgqs OF
T,3,/P41s @as a T/P, Table 1). Our results show that under
these conditions the incorporation efficiency (k. /K,,) of
EFdA-TP by RT is twice that for the natural dATP substrate
and four times that for ddATP, primarily because of changes
in the K, of RT to these substrates (Table 3). Moreover, we
found that the increase in incorporation efficiency of
EFdA-TP could be even higher at different nucleic acid sub-

ddATP (m) AZTTP (am) TEV-DP (M) ddCTP (s
g8 g g
22828282 _.o885S 8228 _. 28888
24E=

18mer
primer
C _ D
& Inhibitor 1C5y (nM)
g ™ B
g EFdA-TP 14
3 50+
8 ddATP 284
g 25
g= - AZTTP 255
0-4 n.
v0.0 015 1j0 1:5 2t0 ZTS 3?0 TFV-DP 876
log {inhibitor]
H EFdA-TPY ddATP @ AZTTP ddCTP 113

® TFV-DP [J daCTP

FIGURE 1. HIV RT inhibition by EFdA-TP and other NRTIs. A, structure of EFdA. 8, primer extension by HIV-1 RT was observed in the presence of fixed
concentrations of 4 ANTPS, Ty,00/P g1 and MgCl, and increasing concentrations of EFAA-TP, ddATP, AZTTP, TFV-DP, or ddCTP. The reactions were carried out
for 15 min. The arrows denote stops of the elongating DNA chain where adenosine analogs (EFdA-TP, ddATP, or TFV-DP) were expected to be incorporated. The first
laneis a negative control, where no MgCl, was added; it shows the length of the 18-mer primer. C, the 100-mer products synthesized by HIV-1 RT were quantified and
plotted against increasing concentrations of various inhibitors. The data points were fitted by GraphPad Prism 4. D, ICy,, values of the nucleotide analogs were
determined by quantifying the percent of full extension and fitting the data points to GraphPad Prism 4 using one-site competition nonlinear regression.
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TABLE 3

Mechanism of HIV RT Inhibition by EFdA-TP

Steady state kinetic parameters (K,,, and k,,) for EFdA-MP and dAMP incorporation by HIV-1 RT
Values are means = S.D. of triplicate determinations and were determined from Michaelis-Menten equation using GraphPad Prism 4. ND, not determined.

dNTP T/P (DNA/DNA) T/P (RNA/DNA)
K, ko kK, Selectivity” K, Keae k. /K, Selectivity”
HAt min~? min ! HM min~! i s ™!
dATP 73.11 £ 11 199 = 0.7 0.272 213+8 3.1x0.2 0.145 1
EFdA-TP 392+3 21.1 £ 0.4 0.538 241 %5 23%01 0.095 0.7
ddATP 97.0*=9 154+ 03 0.159 0.6 ND ND ND ND

< Selectivity is the ratio of the incorporation efficiency (k.. /K,) of EFdA-MP or ddAMP over that of dAMP ([& /K, Jeraa-sio/[Kear/ Kodaanie 0 [Keat/ Ko laaanioMkead K daanio)-

"

A EFAA-TP (uM) B

ddATP EFdA-TP (aM)

ddATP
g

D

1000

e

18mer—»
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DNA3 (T T
DNA g © 0 T

FIGURE 2. Inhibition of DNA- and RNA-dependent DNA synthesis by
EFdA-TP. A, T43,/P4,5 Was incubated with HIV-1 RT for 15 min in the presence
of 1 um dNTPs and MgCl, and increasing concentrations of EFAA-TP (0-1000
nm). The first lane (ddATP) shows the inhibition of primer extension by ddATP
to identify points of adenosine analog (ddATP or EFdA-TP) incorporation
(arrows: +1,+6,and +10). B, the primer extension under the same conditions
with an RNA/DNA substrate containing an RNA template annealed to a DNA
primer (T,.3,/Pyi8)-

strate sequences, more than 10 times higher than dATP
(data not shown).

The EFdA-TP-mediated reduction in full-length DNA syn-
thesis was accompanied by the concomitant appearance of
products corresponding to the primer extension only at the
length expected for the incorporation of adenosine nucleotides
(indicated by arrows in Fig. 1B). Neither ddATP nor TFV-DP
provided significant accumulation of this small DNA product.

EFdA-TP Inhibits DNA Synthesis Mainly at the Point of
Incorporation—The stopping patterns of DNA synthesis were
different in the presence of EFdA-TP compared with other
dATP analogs such as ddATP and TFV-DP (marked by arrows
in Fig. 1B). Hence, we used a shorter template (Ty3,/P 4,4 (Table
1)), which allowed unambiguous identification of the stopping
sites. As expected, the inhibitory potential of EFdA (and other
NRTIs) appears lower in these shorter T/P (IC, for suppres-
sion of full primer extension was 104 nm) in which there are
fewer opportunities for incorporation (24). This substrate
allows incorporation of dA, ddA, or EFdA at positions 1, 6, and
10 (Fig. 2). The results show that EFAA-TP causes major pauses
at all possible points of incorporation ((Fig. 24, positions 1, 6,
and 10), suggesting that EFdA-TP inhibits RT mainly as an obli-
gate chain terminator. Notably, there was a distinct difference
at position +6 of Ty;,/P4;5 Where we observed a strong stop
not only at the point of incorporation but also at the position
following (Fig. 24, positions 6 and 7, respectively). These results
suggest that in some cases EFAA-MP may also allow incorpo-
ration of an additional nucleotide depending upon the template
sequence.

NG TN
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3 lmer—»

18E[:d1\vMP
18mer
TTTTTTTITTTT Y
AL
>
> dTTP
g

FIGURE 3. Incorporation of dNTP on EFdA-terminated template/primer
(T/Pgegn.mp)s EFAA-TP was first incorporated at Ty;,/Py;g by HIV-1 RT and
purified as described under “Experimental Procedures.” The incorporation of
the next incoming nucleotide on T/Pgr4a.me Was examined in the presence of
HIV-1 RT and MgCl, and increasing concentrations of dTTP. All other dNTPs
were at a concentration of 1 um. The reactions were stopped after 15 min (4)
and 60 min (B).

EFdA-TP inhibits both RNA- and DNA-dependent RT-
catalyzed full-length DNA polymerization to comparable
extents (Fig. 2). The selectivity for incorporation of
EFdA-MP over dAMP ((k.,./K, ) eran.tp! (Keae/ K, antp) Was
slightly increased when we used DNA/DNA versus RNA/
DNA template/primers (Table 3, 2 versus 0.7). Notably, the
overall pausing pattern due to inhibition by EFdA-TP differs
depending on whether the template is RNA or DNA. Inhibi-
tion differences based on type and sequence of template are
currently under investigation,

Extension of EFdA-terminated T/P (T/Pgr, 4 pp)—The data
in Figs. 1 and 2 suggest that EFdA-TP can act as a terminator
of RT-catalyzed DNA synthesis in a manner similar to that of
other NRT1-TPs. We therefore examined the efficiency of
nucleotide additions to primers that were synthesized to
already possess a 3'-terminal EFdA-MP. Fig. 3 shows that the
primer extension from EFdA-MP is very limited and is evident
only at very high and nonphysiological concentrations (>50
M) of the next nucleotide and with extended reaction times
(Fig. 3B, 60-min incubation). It therefore appears that EFdA
acts as a de facto chain terminator, despite the presence of a
3’-OH function.

RT Binds T/P 4 pp ad T/Prraasp at Similar Efficiencies—
A possible reason for the inability of RT to efficiently extend the
EFdA-MP-terminated primer is that it binds T/Prpga_pp With
less affinity than it does a T/P lacking a 3'-terminal EFdA-MP
nucleotide. We therefore used gel mobility shift assays to com-
pare the stabilities of the binary complexes of RT with T/P
possessing either EFdA-MP (T/Pgpga.vp) of ddAMP
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FIGURE 4. Effect of ddA or EFdA on formation of binary and ternary complexes. A, formation of a binary
complex between RT and T/Pyqamp OF T/Peeaamp- Purified T/Pygame OF T/Pergamp (20 M) was incubated with
HIV-1 RT at the indicated molar ratios and resolved by nondenaturing gel electrophoresis. 8, formation of a
ternary complex between RT and T/Pygamp OF T/Pgraame and incoming dTTP. The stability of the ternary com-
plexes was analyzed by incubating 100 nm RT and 9 nm T/Pgyame OF T/Pgrgamp in the presence of increasing
dTTP concentrations and heparin, which acted as an enzyme trap. In the absence of dTTP, the T/P-RT binary
complex is unstable {lane 0), as RT dissociates from the T/P and is trapped by heparin.

(T/Pqanp) at the 3'-primer terminus (T/P chain terminated by
EFdA-MP or ddAMP). As shown in Fig. 44, RT binds
T/Prraa_np With an apparent affinity comparable with that of
the normal T/P (K, for RT'T/Pypqa_mp = 51 nv; K, for RT-T/
Paaaaip = 42 nm). This observation suggests that RT is inhib-
ited at a downstream step in the polymerization reaction.

RT Is Unable to Form a Stable Ternary Complex with
T/Prra nipand ANTP—The next step in the DNA polymeriza-
tion mechanism is the binding of the next complementary
dNTP to RT'DNA, thus forming the ternary complex that pre-
cedes catalysis. To determine whether EFdA exerts its inhibi-
tory effect by interfering with the formation of a stable ternary
complex with the incoming dNTP, we used a gel-based nonde-
naturing electrophoresis assay (25) that detects the ternary
complex formed by RT-T/P and the next complementary dNTP
(in this case, dTTP). In this assay, the stability of the ternary
complex is assessed by the persistence of the RT-DNA-dNTP
complex upon addition of a competing heparin trap (25). As
seen in Fig, 4B (left panel), the ternary complex formed by RT
with T/P qanp and dTTP is quite stable. In contrast, no signif-
icant amount of ternary complex was noted in assays using
T/Prraa e €ven at very high dTTP concentrations (Fig. 453,
right panel).

Incorporation of EFAA-TP into DNA (T/Pgrya ap) Decreases
Translocation of RT—The inability of RT to form a stable ter-
nary complex with T/Pppya mp and the next complementary
dNTP could arise from several factors including (i) the inability
of the 3'-terminal EFdA-MP primer to efficiently translocate
from the N-site (which is also the pre-translocation site) to the
post-translocation primer site (P-site), thereby preventing the
next incoming nucleotide from binding; and (ii) the fact that
T/Ppraa.np can translocate, but the presence of unnatural sub-
stituents in the primer 3'-terminal EFdA-MP (4'-ethynyl and
2-fluoro) may alter geometric and electronic parameters at the
primer end, thus preventing efficient incorporation of the next
incoming dNTP such that catalysis cannot occur. These two
different possibilities place the nucleic acid at different posi-
tions/registers with respect to a site-specific landmark in RT,
the metal-binding ribonuclease H (RNase H) active site, as
shown in the schematic of Fig. 5B. We therefore used a site-
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RT'DNA-dTTP ternary complex

specific Fe*" footprinting assay (19)
to determine whether the primer
3’-terminal EFdA-MP of the RT-T/
Prraa.mp complex resides primarily
in the pre- (N-site) or post-translo-
cation (P-site) state in the absence
and the presence of varying levels of

RT.T/PEFdA-;\/{P'dTTP
dTTP (uM) :

the incoming complementary
HHHHH dNTP, which serves to “force” the
c,i A 3'-primer terminus from the pre-

S 3 translocation (N-site) to the post-

translocation site (P-site). As shown
on Fig. 5A (left panel), in the
absence of dTTP (first lane), prim-
ers with a 3'-terminal ddAMP are
located in both the pre- and post-
translocation sites in approximately
equal amounts, and the addition of
the next complementary nucleotide (dTTP) forces the primer
3’-end almost entirely into the post-translocation site. In con-
trast, in the absence of dTTP, primers with a 3'-terminal EFdA-
MP are located exclusively in the pre-translocation site (Fig. 54,
right panel, first lane). The next complementary nucleotide
(dTTP) is unable to shift the position of the 3'-EFdA-MP except
at very high (nonphysiological) concentrations.

Because it is physically impossible for the incoming ANTP to
bind at the N-site (ANTP-binding site) when it is occupied by
the 3'-primer terminus of the non-translocated T/Prpqa-nps
the present data demonstrate that the apparent termination of
RT-catalyzed DNA synthesis upon incorporation of EFAA-MP
arises from the inability of the 3'-EFdA-MP-terminated prim-
er/template (T/Pppqa_mp) to efficiently translocate to the P-site
and allow incorporation of the next ANTP. Moreover, the latter
is unable to force translocation of the 3'-EFdA-MP-terminated
primer strand. The inability of the 3'-EFdA-MP-terminated
primer to translocate to allow binding of the next complemen-
tary dANTP effectively prevents continued elongation of the nas-
cent viral DNA, despite the presence of the 3'-OH on EFdA.
Therefore, we propose that EFdA acts as a translocation-defec-
tive reverse transcriptase inhibitor.

Phosphorolytic Excision of EFAA-MP—Two major mecha-
nisms account for HIV resistance to NRTIs (26). One is based
on NRTI discrimination, where the mutant RT preferentially
incorporates the natural ANTP rather than the NRTI-TP. The
other major resistance mechanism involves ATP-mediated
phosphorolytic excision of the incorporated chain-terminating
NRTI from the 3'-end of the primer (27, 28). We and others
have previously shown that for excision to occur, the 3'-end of
the primer must be positioned at the pre-translocation or
N-site of RT (19, 29, 30). As we have already shown, the
3’-EFdA-MP-terminated primer strand binds predominantly
in a pre-translocation mode. This suggests that EFdA-termi-
nated primers might be especially susceptible to RT-catalyzed
phosphorolytic removal of the terminating EFdA-MP. To
assess this possibility we carried out primer unblocking exper-
iments using nucleic acid substrates having at the 3'-primer
terminus either EFdA-MP or ddAMP (T/Pgrgap OF T/
Paqanie respectively). The quantitation of results in Fig. 64
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FIGURE 5. Determination of the translocation state of RT bound to
TIP yaamp and T/P o qamp template/primers. A, the translocation state of RT
after EFdA-MP incorporation was determined using site-specific Fe*™ foot-
printing. T/Pyqamp OF T/Peegame (100 nv) with 5'-Cy3 label on the DNA tem-
plate (see Fig. 5B) was incubated with HIV-1 RT (600 nm) and various concen-
trations of the next incoming nucleotide (dTTP) (as indicated). The complexes
were treated for 5 min with ammonium iron sulfate (1 mm) and resolved on a
polyacrylamide 7 m urea gel. An excision at position —18 indicates a pre-
translocation complex, whereas the excision at position —17 represents a
post-translocation complex. The scheme below the gel images indicates that
in the absence of incoming dNTP, T/Pyamp is bound mostly in a post-trans-
focation state, whereas T/Pgeqa.mp is bound in a pre-translocation state, with
EFdA-MP positioned at the N-site. B, schematic of the excision assay. Depend-
ing on whether the 3'-primer terminus is positioned at the pre-translocation
(N-site) or post-translocation {P-site) site, cleavage is observed on the 5'-la-
beled template strand at positions — 18 or —17, respectively. The addition of
varying levels of the incoming complementary dNTP serves to force the
3’-primer terminus from the N-site to the P-site.

shows that the rate of hydrolysis of ddAMP- and EFdA-MP-
terminated primers was 0.5 and 1.6 min™", respectively. We
also considered whether the EFdA-TP formed upon pyrophos-
phorolytic removal of the 3'-terminal EFdA-MP was promptly
reincorporated. We tested this possibility using so-called phos-
phorolysis “rescue” assays, where in addition to the PP, that
would react with the EFAA-MP from the 3'-primer terminus to
produce EFdA-TP, we also included a high concentration of
dATP that would compete with and prevent reincorporation of
EFdA-TP. In the case of high excision activity, we expected to
see higher bands corresponding to rescued and extended prim-
ers. Indeed, substantially more primer extension was noted in
PP,- or ATP-mediated rescue assays using 3’-terminal

ACEED
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EFdA-MP primers (Fig. 6, C and D, right panels) than in assays
using primers with 3'-terminal ddAMP (Fig. 6, C and D, left
panels). The rate for the ATP-dependent rescue of EFAA-MP-
terminated primer was 0.063 min~*. The corresponding rate
for the ATP-dependent rescue of the ddAMP-terminated
primer could not be calculated because the reaction was very
slow. Collectively, these data suggest that 3’-terminal
EFdA-MP is phosphorolytically excised more efficiently than
ddAMP, consistent with its preferential positioning at the
phosphorolysis-susceptible pre-translocation N-site.

Molecular Basis of RT Inhibition by TDRTIs—To understand
the molecular basis of RT inhibition by EFdA-TP, we built
molecular models of complexes that represent the following
intermediates of the DNA polymerization reaction: 1) a pre-
catalytic RT'DNA-EFdA-TP ternary complex and 2) a complex
that corresponds to the product of EFAA-MP incorporation
prior to translocation. Previously we had solved crystal struc-
tures representing both types of these intermediates for other
NRTIs (29, 31), and the model building was guided by the struc-
tural characteristics of these complexes. Moreover, we built the
EFdA sugar ring in both models in a 3’-endo (North) confor-
mation based on our unpublished NMR experimental data,
which clearly show that the equilibrium of the geometries of the
EFdA sugar ring overwhelmingly favors the 3'-endo conforma-
tion (North). The RT-DNA-EFdA-TP ternary complex model
was built using as a starting structure the coordinates of our
RT-DNA-TFV-DP crystal structure (PDB code 1T05), not only
because it is the highest resolution structure of an RT ternary
complex but also because it is the only structure of RT in com-
plex with an analog of deoxyadenosine triphosphate (31). The
model of the RT-DNA-EFdA-TP complex represents the step of
EFdA-TP binding to the preformed RT-DNA complex (Fig. 74).
It had no significant differences from the crystal structures of
the ternary complexes of RT with DNA and TFV-DP (PDB code
1T05) or dTTP (PDB code 1RTD). It shows that the 4'-ethynyl
of EFdA-TP is favorably positioned in a hydrophobic pocket
formed by Ala-114, Tyr-115, Phe-160, and Met-184 and the
aliphatic portion of Asp-185. These interactions are similar to
those that have been proposed for binding of 4'-Ed4T, a related
NRTI thymidine analog that also has a 4'-substitution but no
3'-OH group (32). These interactions are also consistent with
the observed high efficiency of EFdA-MP incorporation by RT
(Fig. 1D). Similar interactions stabilize the RT*DNAgpya_np
pre-translocation binary complex, which has the primer
3’-terminal EFdA-MP positioned at the N-site (Fig. 7B, pre-
translocation complex). These favorable interactions are also
consistent with the enhanced binding of T/Prrya_mp in a pre-
translocated mode (Fig. 5).

DISCUSSION

The single most distinguishing feature of NRTIs used in HIV
therapy is the absence of a 3'-OH. This property results in ter-
mination of further viral DNA synthesis upon incorporation of
the inhibitor into the nascent viral DNA. We have shown (10,
13) that certain nucleoside analogs that retain the 3'-OH group
can exert potent antiviral activity. One of these, EFdA, inhibits
HIV-1 replication in PBMCs with a potency that is several
orders of magnitude greater than that of any of the current
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FIGURE 6. PP, and ATP-dependent unblocking of ddAMP and EFdA-MP terminated primers. A, PP-de-
pendent unblocking of T/Pggampe aNd T/Peeyame- Purified T/P ygame OF T/Pergame 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 stopped
atthe indicated time points (0-30 min). Cleavage sites are indicated with arrows in the schemes below the
gels. B, schematic representation of PP- and ATP-dependent rescue assay. The excision products of PP;-
and ATP-dependent excision of EFdA-MP are EFdA-TP and the EFdA-MP-ATP dinucleoside tetraphos-
phate, respectively. C, PP;-dependent rescue of T/P yamp and T/Pgeyp.mp. Purified T/Peegame OF T/Pgaame
was incubated with HIV-1 RT in the presence of various amounts of PP, (0-150 um), dATP (100 um), dTTP
{0.5 um), or ddGTP (10 um) and 10 mm MgCl, at 37 °C. Aliquots of the reaction were stopped after 10 min.
D, ATP-dependent rescue of T/Pygame OF T/Pergamp. Purified T/Peega mp OF T/Pgqame Was incubated with
HIV-1RT in the presence of ATP (3.5 mm), dATP (100 um), dTTP (0.5 um), or ddGTP (10 um) and 10 mm MgCl,

at 37 °C. Aliquots of the reaction were stopped at the indicated time points (0-90 min).

has to date been unclear. The
detailed in vitro biochemical studies
presented in this article show that
EFdA inhibits HIV-1 reverse tran-
scriptase mainly by blocking trans-
location after incorporation at the
3’-primer end and functioning as a
TDRTTI. The specificity of inhibition
can vary depending on the type and
sequence of the template (Fig. 2).
Our studies also suggest that both
the 3'-OH and the 4'-ethynyl
groups of EFdA play important roles
in the high antiviral potency exerted
by this nucleoside analog.

The 4'-ethynyl group is essential
for the mechanism of EFdA inhibi-
tion of RT-catalyzed DNA synthe-
sis. The present work shows that
EFdA-TP acts mainly as a potent
terminator of RT-catalyzed DNA
synthesis, despite having a 3'-OH
group. It is possible that the pres-
ence of a 4'-ethynyl substitution on
the ribose ring somehow affects the
geometry and reactivity of its
3'-OH. However, in the presence of
physiological concentrations of
dNTPs (<50 um) the chain termi-
nating activity of EFdA appears to
arise mainly from the difficulty of
RT to translocate the 3'-EFdA-MP-
terminated primer (T/Prpga.mp)
following incorporation of the
inhibitor. Under these circum-
stances the ANTP-binding site is not
accessible, and incorporation of the
next complementary nucleotide is
prevented (Fig. 7C). Hence, EFdA
appears to act as a translocation-de-
fective RT inhibitor. The 4'-ethynyl
moiety appears to be the critical fac-
tor in the difficulty presented by
translocation of DNA primers with
a 3'-terminal EFdA-MP residue.
Our molecular model of the
RT-DNA-EFdA-TP ternary com-
plex suggests that the 4'-ethynyl
moiety fits nicely into a hydropho-
bic pocket in the RT active site
defined by residues Ala-114,
Tyr-115, Phe-160, and Met-184 and
the aliphatic portion of Asp-185
(Fig. 7A), similar to the proposed
interactions of 4'-Ed4T at the same

clinically used NRTIs (Table 2 and Ref. 23), consistent with the site (32). Once EFdA-MP has been added to the primer end to
inhibitory data obtained in transformed T-cell lines (13). The form the pre-translocation (or N-site) reaction product, these
molecular basis for this exceptional antiviral activity of EFAA  same RT residues serve to stabilize the terminal EFdA-MP in
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FIGURE 7. Molecular models representing intermediates of the DNA
polymerization reaction. A, molecular model of a ternary complex among
RT, DNA, and EFdA-TP. The primer is bound at the P-site, and the incoming
EFdA-TP is bound at the N-site. The 4’-ethynyl group of EFdA-TP is bound at a
hydrophobic pocket (shown by a yellow arrow) defined by residues Met-184,
Ala-114, Tyr-115, and Phe-160 and the aliphatic chain of Asp-185. For
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the pre-translocation state (Fig. 7B). Hence, the stabilization of
the primer 3'-terminal EFAA-MP in the pre-translocation state
helps it to remain in a position antagonistic to further nucleo-
tide addition and to inhibit DNA polymerization (Fig. 7C).

We have observed that in one instance RT stopped not only
at the point of EFdA incorporation but also at the position fol-
lowing (Fig. 24, positions 6 and 7, respectively). Interestingly,
we found that RT has enhanced translocation efficiency at this
site, both on T/Prpga_ap annd on T/P gy vp (data not shown). It
appears that some translocated T/Pgpy 4. pp IS also elongated by
an additional nucleotide. Further polymerization may be inhib-
ited by unfavorable interactions between the 4'-ethynyl group
in the elongated template/primer (T/Pppga_nip.anap) With pro-
tein residues upstream in the DNA-binding cleft. The effect of
template on the inhibition mechanism by EFdA is the subject of
an ongoing investigation.

RT-catalyzed phosphorolytic excision of chain-terminating
NRTIs is a major mechanism of HIV-1 resistance to the nucle-
oside analog class of therapeutics (26-28, 33). OQur previous
studies have shown that the NRTI phosphorolytic excision
reaction is favored when the primer 3'-terminal nucleotide is in
the pre-translocation or N-site (19, 34). The preference of the
primer 3'-terminal EFdA-MP to remain in this site suggests
that terminal EFdA-MP should undergo facile phosphorolytic
removal. EFdA-MP was subject to excision by pyrophospho-
rolysis somehow faster than ddAMP, which tends to localize in
the post-translocation site when at the 3' terminus of the
primer (see Fig. 54). Although EFdA-MP can undergo excision,
this process is not overly efficient, apparently because once the
nucleotide is excised through pyrophosphorolysis to form
EFdA-TP, the latter is rapidly reincorporated. These findings
suggest that phosphorolysis may not play a significant role in
HIV-1 resistance to EFdA, consistent with the relatively small
loss of antiviral potency of EFdA against excision-enhanced
HIV-1-containing mutations associated with resistance to AZT
(13).

The importance of the 3’-OH in antiviral activity of EFdA is
perhaps best highlighted by the observation that EFdA is
10,000-fold more potent at inhibiting HIV-1 replication in
PBMCs than is the identical nucleoside lacking a 3'-OH,
namely EFddA (Table 2). The 3'-OH on EFdA appears to play a
number of roles in contributing to the exceptional antiviral
potency of the compound. The 3’-OH on natural dNTP sub-
strates contributes to the efficiency with which RT uses these
substrates, and in general NRTIs that lack a 3'-OH are used less
efficiently by RT than the base-analogous dNTP (35) (Table 3).
Our in vitro biochemical data demonstrate that EFAA-TP is
approximately 1 and 2 orders of magnitude more potent an
inhibitor of RT-catalyzed DNA synthesis in vitro than are the

purposes of clarity the p66 fingers subdomain is not shown. B, molecular
model of RT bound to EFdA-MP-terminated T/P immediately after incorpora-
tion of the inhibitor at the primer terminus and before translocation. The
EFdA-MP of the 3'-primer terminus is positioned at the N-site. C, schematic
representation of RT inhibition by EFdA. After incorporation of EFdA-MP at
the 3'-primer terminus RT remains bound to T/Pgq4, mostly in a pre-translo-
cation binding mode (top). In that binding mode the EFdA-MP at the
3’-primer terminus blocks binding of the incoming dNTP, thus inhibiting DNA
polymerization.
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adenine-based NRTIs ddATP and TFV-DP, respectively (Fig.
1D), neither of which has a 3’-OH. Indeed, it appears that under
identical conditions, RT is at least twice as likely to use
EFdA-TP as a substrate over the natural nucleotide dATP
(Table 3). This suggests that during HIV-1 reverse transcrip-
tion, EFdA-TP might be preferentially incorporated, thereby
leading to early and profound chain termination and contrib-
uting to the observed potent antiviral activity of this nucleoside
analog. ‘

NRTIs are administered therapeutically as prodrugs; these
must undergo phosphorylation in target cells in order to exert
their antiviral activity. The lack of a 3'-OH on current clinically
used NRTIs can reduce recognition by cellular nucleoside/nu-
cleotide kinases that have evolved to interact with the 3'-OH
present in their natural nucleoside substrates (9). Preliminary
studies suggest that EFdA appears to undergo rapid and facile
intracellular conversion to the active antiviral EFdA-TP (36),
showing that the 4-ethynyl group does not interfere with rec-
ognition by cellular nucleoside/nucleotide kinases. Further-
more, the presence of fluorine at position 2 of the adenine base
of EFdA helps to stabilize intracellular levels of EFdA and its
phosphorylated products by hindering adenosine deaminase-
catalyzed degradation of the molecule (13). Thus, both the
2-fluoro and the 3'-OH of EFdA may contribute to the intracel-
lular accumulation of the antiviral EFAA-TP, thereby leading to
its pronounced antiviral activity. We are presently carrying out
detailed studies of the intracellular pharmacokinetics of EFdA
in comparison with other NRTIs to better understand the
dynamics of EFdA phosphorylation and turnover as contribu-
tors to the exceptional potency and persistence of its antiviral
activity.

Other nucleoside analog inhibitors of HIV-1 RT that possess
a 3'-OH have been described (21, 37— 42), although these have
mechanisms of action quite distinct from that of EFdA. North-
methanocarba-2’-deoxyadenosine triphosphate and North-
methanocarba-2’-thymidine triphosphate inhibit HIV-1 RT in
vitro by a mechanism of delayed chain termination, where RT-
catalyzed DNA synthesis pauses after the addition of several
nucleotides following incorporation of the inhibitor (38, 39).
Neither of these compounds has antiviral activity, presumably
because of poor intracellular phosphorylation. Entecavir is a
nucleoside analog with a 3'-OH that is approved for treatment
of hepatitis B infection. Entecavir-TP also has been shown to
inhibit HIV-1 RT-catalyzed DNA synthesis by a mechanism of
delayed chain termination (40). Entecavir has only weak antivi-
ral activity against HIV-1.

Additionally, nucleoside analogs substituted at the 4'-posi-
tion have also been described previously (43— 46). For example,
4’-azidothymidine and 4’-azidoadenosine both inhibit HIV-1
replication (46) although with potencies 200-2000-fold less
than that of EFdA. Both 4'-azido nucleosides also have poor in
vitro selectivity indices because of significant cytotoxicity.
Azidothymidine-TP was shown to inhibit RT-catalyzed DNA
synthesis by a type of delayed chain termination; incorporation
of two sequential azidothymidine-MP molecules blocked DNA
synthesis (44, 45). 4'-Methyl thymidine and 4'-ethyl thymidine
both seem to cause pauses and stops in DNA synthesis at the
point of incorporation (39). However, neither of these com-
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pounds has antiviral activity, because they cannot be phosphor-
ylated by cellular nucleoside kinases. An analog of d4T that has
a 4'-ethynyl substitution (Ed4T) is ~10 times more active than
the parent compound (47, 48). Because Ed4T lacks a 3'-OH, it
inhibits RT as a conventional chain terminator. Interestingly,
Ed4T is a better substrate than d4T for phosphorylation by
human thymidine kinase 1 (47-50), a property that leads to its
increased antiviral potency compared with d4T. The antiviral
activity of Ed4T is ~50-fold lower than that of EFdA.

In summary, EFdA is a TDRTI with two functionalities lacking
in current therapeutic NRTIs, namely a 4'-ethynyl group and a
3’-OH. These additional properties impart superior antiviral
activity to the compound and contribute to its mechanism of
action, namely inhibition of primer translocation following
EFdA-MP incorporation. This mechanism allows EFdA to act
mainly as a de facto chain terminator of RT-catalyzed DNA syn-
thesis, despite the presence of a 3'-OH. The present study validates
RT nucleic acid translocation as a potential therapeutic target.
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