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HIV-1 reverse transcriptase (RT) is a heterodimeric enzyme
that converts the genomic viral RNA into proviral DNA.
HIV-1 RT inhibitors used in antiretroviral therapy are divided
into two classes: 1) nucleoside-analogue RT inhibitors
(NRTIs), which compete with the natural nucleoside sub-
strate and terminate proviral DNA synthesis, and 2) non-
nucleoside RT inhibitors (NNRTIs), which are a family of
structurally diverse compounds that bind to a hydrophobic
pocket (non-nucleoside inhibitor binding pocket, NNIBP)
adjacent to the polymerase active site. In spite of the
efficiency of NRTIs and NNRTIs, the rapid emergence of
multidrug-resistant mutations requires the development of
new RT inhibitors with an alternative mechanism of action.

Recently, two families of compounds forming a new class
of HIV-1 RT inhibitors with a novel inhibition mechanism
have been reported: the indolopyridones VRX-329747[1] and
INDOPY-1 (or VRX-413638),[1–3] and the 4-dimethylamino-6-
vinylpyrimidines[4,5] (DAVPs, Scheme 1). Unlike classical
NNRTIs, these non-nucleoside RT inhibitors compete with
the nucleotide substrate and remain unaffected by most
mutations that alter NNRTIs binding and activity.[1–5] Con-
sequently, it was proposed to refer to this class of compounds
as “nucleotide-competing RT inhibitors” (NcRTIs).[2,6] In
contrast to common NNRTIs, the antiviral activity of
INDOPY-1 is not restricted to HIV-1 but is extended to
HIV-2 and SIV,[3] likely reflecting the binding of the inhibitor
close to the polymerase active site.[1,3] Unfortunately,
attempts to obtain a crystal structure of the RT/INDOPY-1

complex were unsuccessful, probably because of the specific-
ity of this NcRTI for the RT/template primer complex.[1]

Here we present the first crystal structure at 2.5 �
resolution of the HIV-1 RT bound to a NcRTI, DAVP-1.
The structure reveals a novel binding site, distinct from the
NNIBP and close to the RT polymerase catalytic site. The
structural requirements for binding of this NcRTI to the RT
disclosed by this structure provide essential information for
the rational development of new NcRTIs.

Because of their structural similarity with the non-
nucleosidic reference compound TNK-651[7] (Scheme 1) and
the loss of activity observed against the two most frequent
mutations associated with NNRTIs resistance (Lys103Asn
and Tyr181Ile), it was initially expected that the DAVPs
would also behave as NNRTIs.[4] However, enzymological
studies on DAVP-1, DAVP-2, and DAVP-3 revealed a
competitive inhibition mechanism with the nucleotide sub-
strate, similar that of the indolopyridone INDOPY-1. But in
contrast to INDOPY-1, the binding kinetics of DAVP-1 did
not indicate a specificity for the RT/template primer complex:
kinetic analysis revealed that DAVP-1 binds the free RT with
the same equilibrium dissociation constant as the RT/DNA
complex (Ki = 8 nm).[5] In addition, a marked decrease of the
association rate (kon) was observed only for the RT/DNA/
dNTP complex (compared to the free enzyme and to the RT/
DNA complex), with no significant change in the dissociation
rate (koff). These data are therefore consistent with the
classification of DAVP-1 in the newly identified NcRTI class
of RT inhibitors.[6] Considering the peculiar behavior of this

Scheme 1. Chemical structures of the DAVP derivatives, the reference
NNRTI (TNK-651), and the indolopyridones VRX-329747 and
INDOPY-1.
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compound, we attempted to solve the crystal structure of the
RT/DAVP-1 complex to provide structural insights into the
NcRTI binding site on the apo-RT.

Prior to our crystallization experiments, the binding of
DAVP-1 to the free RT in the crystallization buffer was
confirmed using mass spectrometry. Co-crystallization of the
RT/DAVP-1 complex led to two crystal forms, both differing
from previously reported RT crystal structures. The two
crystal forms showed a nearly identical structure (root mean
square deviation, rmsd = 0.72 �) of the enzyme (see the
Supporting Information). A first striking feature of this
structure is that it reveals a new binding site on the RT: unlike
NNRTIs, DAVP-1 does not bind the NNIBP, but rather in a
hinge region at the interface between p66 thumb and palm
subdomains (see Figure 1 and the Supporting Information), in
the vicinity of the nucleotide binding site[8] and close to the
polymerization catalytic site targeted by NRTIs. There are
interactions with several residues essential for nucleic acid
recognition (inset in Figure 1; primary contacts are detailed in
the Supporting Information): residues Gly262, Lys263, and
Trp266 in the helix aH (p66 thumb subdomain) that is
involved into the primer–template binding, and Met230 and
Gly231, two critical residues in the b12–b13 hairpin of the p66
palm subdomain that forms the “DNA primer grip” and helps
the correct positioning of the 3’-OH end of the primer strand
in the polymerase active site. In addition, DAVP-1 also
contacts residues Met184 and Asp186 (within 3.5 to 4.0 �)
from the catalytically crucial YMDD motif of the palm
subdomain. This new binding site further supports the
nonclassical competitive inhibition of DAVP-1 and is fully
consistent with its behavior distinctive from that of TNK-

651.[4, 5] Notably, the stacking of DAVP-1 onto Trp266 induces
a conformational change of this residue relative to other
related RT structures (Figure 2). Interestingly, Trp266, as well
as all residues surrounding the drug binding pocket, belong to
a highly conserved region of the HIV-1 RT from naive and
drug-treated patients,[9] indicating that DAVP-1 interacts with
amino acids that are not prone to mutations in presence of
NNRTIs or NRTIs.

Another characteristic of the RT/DAVP-1 structure is that
the protein conformation differs from that in RT/NNRTI
complexes: the p66 thumb subdomain is folded into the

Figure 2. Detailed view around the NcRTI binding pocket showing a
superposition of HIV-1 RT structures (in gray; PDB 1DLO, 2IAJ, 1QE1,
and 1HQE) in the absence of NNRTI and in the RT/DAVP-1 complex
(in orange). Residue W266 is shown in red in the present structure
and in yellow in other RT structures.

Figure 1. View of the HIV-1 RT/DAVP-1 complex, showing the NcRTI binding site and the relative position of binding sites for NRTIs (in a red
shaded circle; the catalytic D110, D185, and D186 are represented as red rods) and NNRTIs (in a blue shaded circle; important residues of the
NNIBP are represented as blue rods). The RT p51 subunit is shown in gray and the p66 subdomains (thumb, fingers, palm, connection, and
RNAseH) are color coded. DAVP-1 and residue W266 are shown as rods. The electron density map is shown in blue around DAVP-1. The inset
shows a detailed view of DAVP-1 within the binding pocket. For clarity, only some of the surrounding residues and two water molecules (red
spheres) are depicted. Hydrogen bonds are represented with black dotted lines. Helix aH, the YMDD loop, and the b12–b13 hairpin are also
labeled.
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DNA-binding cleft, whereas it is in a hyperextended “open”
conformation in RT/NNRTI crystal structures (for a review,
see Ref. [10]). The protein structure is therefore analogous to
the “closed” conformation observed in unligated RTs[11–13] or
in RT bound to ATP.[8] However, significant differences are
observed in the RT/NcRTI complex compared to “closed”
conformations reported previously: a 3.0 � translation of the
p66 thumb subdomain towards the p66 palm subdomain is
induced following the DAVP-1 binding (Figure 2). Excluding
the p66 thumb and palm subdomains, the rest of the protein
remains unaffected by the inhibitor binding. The significance
of this conformational change is supported by the fact that it is
observed in our two crystal forms obtained in presence of
DAVP-1, whereas a classical conformation of the protein was
obtained in a control crystallization experiment without
NcRTI (see the Supporting Information).

A recent study showed that the Met184Val mutation
induces partial resistance to INDOPY-1.[3] This residue
appears in the neighborhood of DAVP-1 in our structure,
and it is therefore possible, as expected from their similar
inhibition mechanism, that the binding sites of DAVP-1 and
INDOPY-1 at least partially overlap. It is also interesting to
note that DAVP-1 analogues bearing bulkier groups in
positions C4 and C5 (close to Met184) of the pyrimidine
scaffold showed a decrease in or a complete loss of activity.[5]

To try to rationalize the biological data for our DAVP
derivatives, we used the present crystal structure in modeling
studies.[14] Molecular docking calculations and molecular
interaction fields (MIFs) analysis were performed to inves-
tigate the binding mode and the activity determinants of
compounds DAVP-2 and DAVP-3, which showed the same
mechanism of action as DAVP-1. Structural water molecules
(hereafter called W1 and W2) have been included in all the
calculations, making it possible to reproduce the experimental
binding conformation of the complex RT/DAVP-1 with a low
ligand rmsd.[15] Docking calculations for DAVP-2 and DAVP-
3 showed fundamental stacking interactions of these com-
pounds with Trp266, even if in different orientation than for
DAVP-1, which may justify their decreased affinity for this
binding site (see Figure 9 in the Supporting Information).
DAVP-2 loses hydrogen-bond contacts between the sulfone
group, Lys263, and W2, while the diethylamino group is
exposed to water and no longer involved in very favorable
lipophilic interactions within the pocket lined by Met184 and
Asp186 (GRID minimum point for CH3 probe �4.5 kcal
mol�1). The latter interaction is also lost for DAVP-3, which,
however, establishes profitable hydrogen-bond contacts
between its p-methoxy group and the protonated Ne of
Lys263 and Lys259. These additional interactions can justify
the improved activity of DAVP-3 with respect to DAVP-2.[5]

However, based on the present crystal structure, it
remains unclear why a loss of activity of DAVP-1 was
observed with the NNRTIs-resistant mutants Lys103Asn and
Tyr181Ile. A possible explanation may be found in the
structure of two unusual RT/NNRTIs complexes: RT/CP-
94,707[16] and RT/DHBNH[17] (Figure 3). Interestingly, the
side chains of Tyr181 and Tyr188 within these two crystal
structures are in the conformation seen in the unligated RT
and in the RT/DAVP-1 complex. In addition, both inhibitors

are directly involved in the formation of a connection tunnel
between the NNIBP and the catalytic site defined by residues
Tyr181 and Trp229 on opposite sides. Since DAVP-1 showed a
drop in activity against those mutations that lie at the
entrance site of common NNRTIs (close to Lys103) and at
the edge of the above-mentioned connection tunnel (close to
Tyr181), it seems reasonable to hypothesize that DAVP-1,
owing also to its small size, could travel between the non-
nucleoside- and nucleoside-binding pockets depending on
which enzymatic form of RT it binds. However, this fascinat-
ing hypothesis needs to be explored further with additional
crystallographic, biological, and molecular modeling studies.

Previous studies showed that DAVP-1 was able to inhibit
HIV-1 RT by a competitive mechanism with the nucleotide
substrate,[4] making this compound the second member of the
newly discovered class of nucleotide-competing RT inhibitors
(NcRTI) along with INDOPY-1. Our crystal structure dis-
closes a new binding site for the NcRTI DAVP-1, located near
the polymerization active site. These results provide the first
structural basis for understanding the original mechanism of
action of this NcRTI and will assist efforts to develop this new
class of inhibitors. Further developments include the structure
determination of NcRTIs in complex with the RT bound to a

Figure 3. X-ray structures of two unusual NNRTI/RT complexes. For
clarity only important residues of the NNIBP and catalytic site are
shown. An opening between the NNIBP and the catalytic site can be
ascertained. a) Structure of the CP-94,707/RT complex (PDB 1TV6).
b) Structure of the DHBNH/RT complex (PDB 2I5J).
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DNA primer/template complex that is needed to obtain a
complete view of the NcRTIs mechanism of action.
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