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1 | INTRODUCTION

Human immunodeficiency virus (HIV) remains a major
health issue worldwide. The most recent UNAIDS report
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Abstract

HIV-1 reverse transcriptase (RT) remains a key target for HIV drug develop-
ment. As successful management of the disease requires lifelong treatment,
the emergence of resistance mutations is inevitable, making development of
new RT inhibitors, which remain effective against resistant variants crucial. To
this end, previous computationally guided drug design efforts have resulted in
catechol diether compounds, which inhibit wildtype RT with picomolar affini-
ties and appear to be promising preclinical candidates. To confirm that these
compounds remain potent against Y181C, a widespread mutation conferring
resistance to first generation inhibitors, they were screened against the HIV-1
N119 clinical isolate, reported as a Y181C single mutant. In comparison to a
molecular clone with the same mutation, N119 appears less susceptible to inhi-
bition by our preclinical candidate compounds. A more detailed sequencing
effort determined that N119 was misidentified and carries V106A in combina-
tion with Y181C. While both indolizine and naphthalene substituted catechol
diethers are potent against the classical Y181C single mutant, the addition of
V106A confers more resistance against the indolizine derivatives than the
naphthalene derivatives. Crystal structures presented in this study highlight
key features of the naphthyl group, which allow these compounds to remain
potent in the double mutant, including stronger interactions with F227 and
less reliance on V106 for stabilization of the ethoxy-uracil ring, which makes
critical hydrogen bonds with other residues in the binding pocket.
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estimates that approximately 40 million people have been
infected with the virus. This includes 1.5 million new
infections, the smallest annual decline in new infections
since 2016. Of this population, 29 million people were
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accessing antiretroviral therapy, which resulted in viral
suppression in 92% of cases. Inhibitors of HIV reverse
transcriptase (RT), which is responsible for reverse tran-
scribing the viral (4)-sense RNA genome to dsDNA, were
the first FDA-approved anti-HIV drugs and remain criti-
cal components of combinational therapies. These inhibi-
tors fall into two categories, which inhibit the polymerase
via two distinct mechanisms; nucleoside reverse tran-
scriptase inhibitors (NRTIs) compete with incoming
dNTPs and terminate the growing strand of DNA while
non-nucleotide reverse transcriptase inhibitors (NNRTIs)
bind to an allosteric pocket 10 A away from the active
site, altering the rate-limiting step in chemical catalysis
(Holec et al.,, 2018; Sarafianos et al., 2009; Spence
et al., 1995). RT is highly error prone and has no exonu-
clease activity, making an error every 4000 nucleotides
and introducing approximately five errors in every com-
plete genome replication (Preston et al., 1988). This leads
to the rapid evolution of drug-resistant mutants, particu-
larly within the NNRTI binding pocket, as mutations
there are less likely to reduce viral fitness than those in
the enzyme's active site (De Luca, 2006).

As there is no cure for HIV and therapy must con-
tinue throughout a patient's life, it is important to
design new inhibitors, which remain effective against
emerging NNRTI-resistant mutations (Phanuphak &
Gulick, 2020). The Y181C mutation has proven particu-
larly problematic, as it emerges rapidly after adminis-
tration of first-generation NNRTIs and has been
identified in 10% or more of treatment-naive patient
populations (Jourdain et al., 2004; Mbunkah
et al., 2020; Nanfack et al., 2017; Zuo et al., 2020).
Newer NNRTIs, including etravirine, rilpivirine, and
doravirine, have been designed to remain active
against this mutant, though the Y181C mutation is still
identified in patient samples experiencing virologic
failure after treatment with etravirine or rilpivirine
(Alcaro et al., 2011; Molina et al., 2011). Additionally,
rilpivirine must be dosed at low levels as it has low
aqueous solubility and off-target inhibition of the
hERG ion channel causes dose-limiting cardiac toxicity
(Health Canada, 2011). While doravirine has minimal
off-target effects and remains potent against most com-
mon NNRTI-resistant mutants, it is still susceptible to
some mutations present at a low level within the popu-
lation, including V106A and Y188L (Lai et al., 2014;
Stanford University, 2022). It is important to continue
development efforts so that a wider variety of NNRTIs
are available to treat patients with a variety of resis-
tance mutations.

Previous optimization of a micromolar hit from vir-
tual screening resulted in the development of a class of

cyanovinyl catechol diethers with picomolar affinity
against wildtype RT (Bollini et al., 2011). As the cyanovi-
nyl substituent was undesirable due to its potential to act
as a Michael acceptor, subsequent efforts produced simi-
larly potent compounds by replacing the cyanovinyl with
either an indolizine or naphthalene ring (Lee et al., 2013,
2014). Lead naphthyl catechol diethers retain 2-5nM
ECs, values against Y181C (N119) and K103N/ Y181C
(A17) viral isolates obtained from the HIV Reagent Pro-
gram (Lee et al., 2014; Nunberg et al., 1991; Richman
et al., 1991). However, lead indolizinyl catechol diethers
seem to exhibit an interesting resistance profile; the
Y181C single mutation results in approximately 1000-fold
lower potency, though low nanomolar potency is restored
in the Y181C/K103N double mutant, which is usually
associated with additional resistance (Lee et al., 2013).
Earlier studies investigated this unexpected result by
examining the antiviral efficacy, ECs,, of Compound 1b,
a lead indolizinyl catechol diether, against a Y181C
molecular clone (Sasaki et al., 2019). Surprisingly, Com-
pound 1b had 3.2nM potency against the molecular
clone, consistent with affinities observed in the naphthyl
series, and no significant changes in binding in crystal
structures (Sasaki et al., 2019).

In this study, we fully sequenced the N119 clinical
isolate and determined that it is a V106A/Y181C double
mutant rather than a Y181C single mutant. We have
also confirmed that the V106A/Y181C double mutant
confers more resistance to indolizinyl catechol diethers
as compared with the naphthyl catechol diethers. To
explain this difference, we have solved crystal struc-
tures of two representative indolizine compounds, la
and 1b, and two representative naphthyl compounds,
2a and 2b, with both the single Y181C and double
V106A/Y181C mutant RT. Our structural analysis sug-
gests a possible mechanism for resistance in the
V106A/Y181C mutant.

2 | RESULTS
To explain the significant differences between EC5, mea-
surements examining differing antiviral efficacies with
the HIV-1 N119 clinical isolate and the Y181C molecular
clone, the HIV-1 N119 isolate was sequenced. Represen-
tative sequencing results demonstrated two drug resis-
tance mutations, V106A and Y181C revealing that a
secondary mutation, V106A, was present as shown in
(Figure 1).

To confirm this additional mutation was responsible
for the loss in potency at a molecular level, a recombi-
nant version of RT containing the V106A/Y181C double
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FIGURE 1 Viral genomic sequencing revealed two potential drug resistance mutations. Sequencing of HIV-1 protease, reverse

transcriptase, and integrase coding regions of viral stock HIV-1 N119 nevirapine resistant variant. Consensus sequences from the assembled

contigs covering HIV-1 pol were uploaded onto HIVdb Program: Sequence Analysis interface on HIV Drug Resistance Database.
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FIGURE 2

Biochemical assays with V106A/Y181C double mutant agree with cellular results obtained with the N119 variant.

(a) Chemical structures of investigated compounds. (b) Affinity measurements of investigated compounds against wildtype and V106A/

Y181C mutants. ECs,s represent concentration of drug required decrease viral replication by 50% and ICs,s represent concentration of drug

required to inhibit half of the enzyme's activity. Reported errors represent standard deviations from three replicates.

mutant was expressed and purified. Two indolizine com-
pounds, 1a and a difluorinated derivative, 1b, were stud-
ied along with the two corresponding naphthyl
compounds, 2a and 2b (Figure 2a). Previous studies
showed a nearly 1000 and 400-fold decrease in potency
for Compounds la and 1b, respectively, for the WT
HIVIIIB versus mutant N119 strains of virus (Figure 2b)

(Lee et al, 2013). Biochemical experiments using
PicoGreen-based assays with these WT and double
mutant recombinant proteins were carried out to deter-
mine the ICs, values for all four compounds. This assay
utilizes RT at an active site concentration of 20 nM,
which limits determination of ICs, values to no lower
than ~10 nM. Representative ICsq values for indolizine
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compounds, 1a and 1b, also showed a significant decrease
in potency (33-47-fold), in accord with the lower antiviral
efficacy values, ECsys, observed in MT-2 T cell assays
(Figure 2b). Moreover, addition of the two fluorines on
the indolizine and catechol rings of Compound 1b pro-
vides a boost in potency against the double mutant not
observed in the cellular data (Figure 2b). As observed by
previous cellular studies, representative naphthyl com-
pounds, 2a and 2b, retained higher potency in the double
mutant as compared with the indolizines. At the bio-
chemical level, the substitution of two fluorines in Com-
pound 2b versus 2a does not provide any additional boost
in potency in ICs, values. However, these compounds are
still slightly less potent (5-7-fold) in the double mutant
than in either WT or Y181C single mutant (Sasaki
et al., 2019).

To better understand the structural differences under-
lying the naphthyl derivatives ability to retain their
potency in the double mutant, we determined the crystal
structures with Compounds 1a, 1b, 2a, and 2b bound to
V106A/Y181C RT. In addition, structures with Com-
pounds 1a, 2a, and 2b bound to Y181C RT were solved to
understand which changes in binding result from the sin-
gle mutation and which result from their combination.
Initial crystallization efforts for the double mutant
involved soaking each compound into Apo V106A/
Y181C RT52A crystals. While these soaked structures
showed strong density for each ligand, B-factors for the
surrounding residues in the NNRTI binding pocket were
abnormally high. To circumvent this issue, co-crystal
structures with V106A/Y181C RT were solved in two
novel P2; unit cells; Compounds 1a and 2a crystallized in
one, while Compound 2b crystallized in the other. The
latter unit cell has been previously observed for K103N/
Y181C cocrystals, though they diffracted to a lower reso-
lution (Frey et al., 2015). These two unit cells are very
similar, each containing two RT heterodimers in their
asymmetric unit (ASU), with the major difference
between them being the relative orientations of the two
RT heterodimers (Figure S1). There is interpretable den-
sity for the ligand in both heterodimers, though the
density is slightly more distinct in Assembly
1 (Figure S2).

All the structures present V106A/Y181C RT in a simi-
lar open conformation seen previously in NNRTI com-
plexes with WT or Y181C RT. The connection and RNase
H domains align well with the WT structures, while the
thumb, palm, and finger domains are more variable, both
between ASU mates and compared to WT (Figure S3). Of
note, the palm domain of this double mutant shifts 3-4 A
downward toward the p51 subunit, bringing E169 in the
p66 subunit close enough to hydrogen bond with K49 in
the p51 subunit (Figure S4). This shift is observed in all

four V106A/Y181C mutant structures, so it is likely not
responsible for changes in compound affinity. For Com-
pounds la and 2a, there is good agreement between the
ligand placement in both copies of the protein
(Figure S5A,B). However, in the Compound 2b structure,
there are significant differences between the positions of
both ligands and residues in the NNRTI binding pocket
between the two copies in the ASU (Figure S5C).

2.1 | Maintenance of key interactions in
the Y181C single mutant

The Y181C mutation causes a loss of aryl edge-to-face
interactions between Y181 and the catechol ring. As
observed in our previous structure of Compound 1b in
complex with the single Y181C mutant (Sasaki
et al., 2019), all four compounds gain compensatory van
der Waals interactions by varying degrees of catechol ring
rotation toward V189 in both single and double mutant
structures (Figure 3). As P95 is no longer interacting with
Y181, it returns to the more common exo rotamer. How-
ever, interaction distances between the C6 substituent of
the inhibitor's bicyclic ring and the nearest carbon of P95
remain relatively stable; the loop containing P95 moves
into the pocket, such that the Cy is in a similar position
to the C, in the WT (Figure 4). As a result of the catechol
ring movement toward V189, the indolizine ring is also
slightly shifted toward C181 in Y181C:la and Y181C:1b
structures (Figure 3a,b). This shift brings the C6 substitu-
ent of the indolizine ring into an ideal position for van
der Waals interactions with the C of P95 (Figure 4a,b).
Since the catechol ring fluorine of Compound 2b made
much closer contact with the Cg of V189 than the equiva-
lent substituent of Compound 1a or 1b in the WT struc-
ture, it did not have to shift as far to maintain the van der
Waals interactions in the Y181C structure. As a result,
the Compound 2b naphthyl group retains its WT posi-
tioning (Figure 3d).

Compound 2a also benefits from van der Waals inter-
actions between its catechol ring and the C, of an
unusual V189 rotamer in the WT structure. However, as
the position of V189 in the Y181C:2a structure is rotated
approximately 100° out of the pocket and into the rota-
mer observed in other WT and Y181C structures, Com-
pound 2a must both rotate and twist its catechol ring
much more than the other compounds to maintain con-
tact with V189's Cg, the closest carbon atom (Figure 3c).
As a result, its naphthyl group must both rotate and twist
approximately 20° to maintain key interactions at the top
of the bicyclic ring with P95 and W229 and properly
direct the cyano group into the tunnel. These movements
appear to be well tolerated by the NNRTI binding pocket
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The catechol ring of the inhibitor shifts in the Y181C single mutant to increase contact with V189. (a) Superposition of

Compound 1a bound to WT RT (protein in lilac, ligand in cyan; PDB 4MFB) and Y181C RT (protein in brown, ligand in yellow).

(b) Superposition of Compound 1b bound to WT RT (protein in lilac, ligand in cyan; PDB: 6DTX) and Y181C RT (protein in brown, ligand in
yellow; PDB: 6DTW). (c) Superposition of Compound 2a bound to WT RT (protein in lilac, ligand in cyan; PDB 4WE1) and Y181C RT
(protein in brown, ligand in yellow). (d) Superposition of Compound 2b bound to WT RT (protein in lilac, ligand in cyan; PDB 5TW3) and

Y181C RT (protein in brown, ligand in yellow).

as Y188, F227, and W229 rotate slightly to maintain their
respective stacking interactions with the ligand
(Figure S6D).

Though the position of the bicyclic ring varies signifi-
cantly in response to the Y181C mutation, the position of
the wuracil ring remains relatively constant. All four
of these compounds have linkers in the anti-anti-gauche
(aag) conformation in both WT and Y181C structures
(Figure 5). This conformation was also observed in the
earlier highly potent cyanovinyl compounds (Frey
et al., 2014). Of note, the WT:2a structure deviates from
this norm, particularly near the catechol ring, due to its
interactions with V189 (Figure 5c). As the catechol rings
of Compounds 1a and 2b do not have to shift much to
maintain potency in the Y181C mutant, their uracil rings
and ethoxy linkers directly superimpose in their respec-
tive WT and Y181C structures (Figure 5a,d). When the
ethoxy linker returns to the conventional aag conforma-
tion in the Y181C:2a structure, consistent with V189
returning to its usual position, the uracil ring is in a simi-
lar position to that observed in the WT structure and the
key hydrogen bond with the backbone of K102 is main-
tained (Figures 5c and 6c). In both Y181C:2a and

Y181C:2b structures, the hydrogen bond between the
uracil ring and the side chain of K102, observed in WT:2a
and WT:2b structures, is not visible as there was insuffi-
cient density to model this residue in the mutant struc-
tures (Figure 6c,d). This lack of sidechain density for
K102 is commonly observed in both WT and Y181C
structures solved in this smaller unit cell and is likely due
to changes in crystal contacts rather than a reflection of
solution interactions (Figure S7). In contrast, Compound
1b maintains its linker in a strict aag conformation
despite changes in its catechol ring position, causing the
uracil ring to shift slightly in the Y181C structure as com-
pared to the wildtype (Figure 5b). However, the uracil
ring is rotated in the single mutant such that both hydro-
gen bonds are maintained (Sasaki et al., 2019)
(Figure 6b).

2.2 | Differences in ligand binding in the
Y181C/V106A double mutant

In all four single mutant structures, V106 interacts with
several key points on the inhibitor. The C,; atom makes
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Interactions between P95 and the ligand C6 or C7 substituent are maintained in mutant structures. Interaction between the

indolizine C6 substituent and V100 influences indolizine ring placement in double mutant structures. Van der Waals interactions made by
the C6 substituents of (a) Compound 1a, (b) Compound 1b, or the C7 substituents of (¢) Compound 2a, (d) Compound 2b with P95 and V100
in WT (ligand: cyan, protein: violet), Y181C (ligand: yellow, protein: sand), V106A/Y181C Assembly 1 (ligand: green, protein: deep teal) and
V106A/Y181C Assembly 2 (ligand: purple, protein: pink). The C6/7 substituent of each ligand and the closest atom of Pro95 and V100 are

illustrated as spheres. Interactions are illustrated as yellow dashed lines.

3.3-3.7 A contact with the oxygen of the indolizinyl or
naphthyl-substituted position of the catechol ring
(Figure 7a). Additionally, the C,, atom makes 3.6-4 A
contact with the bottom oxygen of the catechol ring lead-
ing to the ethoxy linker and is placed 3.4-3.7 A from the
center of the uracil ring. Mutating this residue to alanine
in the double mutant provides extra space both under the
catechol ring and in the groove region where the uracil
ring binds (Figure 7b,c).

In addition to these short-range effects, slight changes
in the position of the A106 carbonyl impacts the confor-
mation of the neighboring flexible loop containing K223,
which projects into the tunnel to interact with the

compounds’' cyano group in wildtype and single Y181C
mutant structures. Addition of the cyano group to form
this interaction, either directly or mediated by a water
molecule, is associated with a 1000-fold increase in
potency (Lee et al., 2013, 2014). In V106A/Y181C: 1a, 2a,
and 2b structures, K223 is displaced by Q222, which pro-
jects closer to the bottom of the tunnel opening and may
present a less favorable angle for the interaction
(Figure 8; Figure S8). As this loop is surface exposed, this
difference in positioning is likely due, at least in part, to
changes in crystal contacts between the different space
groups, though neither residue makes direct contact with
the neighboring molecule (Figure S9). As both Y181C:1b
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FIGURE 5

Ethoxy Linker Torsion Angles

Cc-Cc-0-C c-0-c-C o0-c-c-C
WT:1a 176° 159.4° -51.1°
Y181C:1a 178.9° 165.5° —-45.2°
V106A/Y181C:1a o . .
Assembly 1 -178.6 176.2 -57.1
V106A/Y181C:1a - - o
Assembly 2 174.7 -178 -56
Ethoxy Linker Torsion Angles
Cc-C-0-C C-0-Cc-C o0-C-C-C
WT:1b 179.4° 153° -78.3°
Y181C:1b 176.2° 165° -69.6°
V106A/Y181C:1b 172.7° 177° -54.3°

Ethoxy Linker Torsion Angles

c-C-0-C Cc-0-C-C 0-C-C-C
WT:2a -144.7° 138.6° -76.6°
Y181C:2a 171.5° 176.5° -52.3°
V106A/Y181C:2a | -175.7° 176.2° -54.8°
Assembly 1
V106A/Y181C:2a | -74.5° 131.8° -145.1°
Assembly 2
Ethoxy Linker Torsion Angles
c-C-0-C Cc-0-Cc-C O0-C-C-C
WT:2b -168.1° 164.7° -59.1°
Y181C:2b 174.7° 177° -46.2°
V106A/Y181C:2b | -163° 168° -60°
Assembly 1
V106A/Y181C:2b | 169.6° -173.4° -61.2°
Assembly 2

Ethoxy linker torsion angles of indolizine compounds adhere to the WT aag conformation more strictly than those of

naphthyl compounds. Superposition of (a) Compound 1a, (b) Compound 1b, (c) Compound 2a, (d) Compound 2b in WT (cyan), Y181C
(yellow), V106A/Y181C Assembly 1 (green), and V106A/Y181C Assembly 2 (purple) aligned by their catechol rings are shown from the side
and front views. Tables listing each relevant torsion angle are provided to the right of each pair of structures.

and V106A/Y181C:1b structures were obtained from
soaked crystals, it is likely that the modeled position of
K223, which points away from the tunnel, is due to crys-
tal contacts determined prior to ligand binding
(Figures S8B and S9C). It is likely that Q222 is the residue
found at the end of the tunnel in solution as it is com-
monly found where the region was exposed in a solvent
channel, while K223 more commonly reached into the
tunnel when adjacent residues are involved in crystal
contacts (Figure S9).

For Compound 1la, the indolizine ring shifts down-
ward 0.5 A in the V106A/Y181C structure relative to its
position in the Y181C single mutant, allowing the

indolizine ring to fill some of the available space provided
by the V106A mutation. This downward shift pulls the
indolizine ring farther away from Y188 and W229, key
binding partners at the top of the binding pocket and
places the cyano group lower in the tunnel region
(Figure 8a,b). Additionally, while the aag conformation
is maintained in the double mutant, the C—O—C—C tor-
sion angle rotates 10°-15° relative to the single Y181C
mutant, bringing the bottom catechol oxygen closer to
the Cz of A106 (Figure 5a). However, despite these
changes, the uracil ring overlays well in WT, single, and
double mutant structures, maintaining key hydrogen
bonding interactions (Figure 6a).
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The naphthyl of Compound 2a also shifts downward
approximately 0.5 A in the V106A/Y181C structure rela-
tive to its position in the Y181C single mutant. However,
in this case, W229 rotates into the pocket such that the
edge-to-face interaction with the top of the naphthyl
group is maintained. Of note, F227 also rotates into the
pocket to make a new edge-to-face interaction with
the bottom edge of the naphthyl group (Figure 8d,e).
Additionally, the cyano group of Compound 2a projects
1 A farther into the tunnel than that of Compound 1a,
allowing it to reach closer to Q222, increasing the
strength of that interaction (Figure S10). While the down-
ward shift is slightly less pronounced in Assembly 2, the
naphthyl group rotates 10° into the pocket, toward its

K103g K103
/Q

P236

_/QWK

FIGURE 6 Changesin
ethoxy linker conformation

Y181C,
V106A
Assembly 2

change the uracil ring
orientation and hydrogen
bonding partners in RT mutant
structures. Hydrogen bonds
made by (a) Compound 1a,

(b) Compound 1b,

(c) Compound 2a,

(d) Compound 2b in WT
(ligand: cyan, protein: violet),
Y181C (ligand: yellow, protein:
sand), V106A/Y181C Assembly
1 (ligand: green, protein: deep
teal), and V106A/Y181C
Assembly 2 (ligand: purple,
protein: pink). Hydrogen bond

P

K1 02 P236

interactions are illustrated as
black dashed lines.

P236

P236

K102

position in the wildtype structure, improving the angle
for the interaction with Q222. This rotation is well toler-
ated as W229 rotates even farther into the pocket and
Y188 makes a compensatory rotation to maintain the
appropriate orientation for its face-to-face interaction
with the naphthyl group (Figure 8e). Rotation of the
naphthyl group also requires a compensatory reorienta-
tion of the catechol ring and complete repositioning of
the ethoxy linker to correctly orient the uracil ring to
maintain hydrogen bonding interactions with the back-
bone of K103 (Figures 5c and 6¢). In contrast, in Assem-
bly 1, the linker is found in the strict aag conformation
observed in the WT and single mutant structures. While
the sidechain of K102 is too far away from the uracil ring
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FIGURE 7 V106 makes ia

several close interactions with
the catechol ring, ethoxy (a )
(c) |

linker, and uracil ring.

to form the hydrogen bond previously observed in the
WT structure, a well-ordered water, previously nearly 5 A
away from the uracil ring, moves within hydrogen bond-
ing distance of the opposite carbonyl to compensate for
the loss (Figure 6¢). Though both partners are too disor-
dered to be observed in Assembly 2, one or both may also
interact with the ligand.

Compound 1b only shifts downward approximately
0.1 A in the V106A/Y181C double mutant (Figure 8c).
Farther downward movement is prevented by the 3.1 A
interaction between the fluorine in the C6 position of the
indolizine ring and the Cs; of V100 (Figure 4b). If this
fluorine substituent is modeled onto the V106A/
Y181C:1a structure, it results in a 0.5 A overlap with
V100. Additionally, P95 shifts slightly into the pocket to
maintain the ideal 3.5 A interaction distance between the
C6 fluorine and its Cp observed in the single mutant.
Since there is minimal change in position of the indoli-
zine ring between the single and double mutant struc-
tures, the catechol rings almost directly superimpose
between the two structures (Figure 8c). Although the aag
conformation of the ethoxy linker is maintained in the
double mutant, the uracil ring is rotated up 14° away

Interaction surface between
V/A106 and Compound 1a,
Compound 1b, Compound 2a,
or Compound 2b in (a) Y181C
RT (ligand: yellow, protein:
sand), (b) V106A/Y181C
Assembly 1 (ligand: green,
protein: deep teal), and (b)
(c) V106A/Y181C Assembly

2 (ligand: purple,

protein: pink).
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from Al106 and its hydrogen bonding partners
(Figure 5b). This causes the loss of the hydrogen bond
between the uracil nitrogen and the backbone of K103,
which is likely responsible for the observed reduction in
potency (Figure 6b).

Unlike the other compounds, Compound 2b binds to
the V106A/Y181C double mutant in two distinct confor-
mations. The conformation in Assembly 1 is similar to
the conformation observed in the Y181C single mutant.
V189 shifts about 0.5 A deeper into the pocket, resulting
in a compensatory 0.5 A shift of the catechol ring into
the pocket. This shift requires the naphthyl ring to rotate
7.5° toward the top of the pocket and approximately 10°
toward the back of the pocket (Figure 8f). This rotation
pulls the C7 fluorine substituent away from the Cg of
P95, increasing the interaction distance from 3.6 to 3.9 A
(Figure 4d). However, W229 rotates into the pocket,
bringing its Cn 4.1 A from the C7 fluorine. While this is a
less favorable angle for its usual edge-to-face interaction
with the upper edge of the naphthyl group, this rotation
allows W229 to make a new edge-to-face interaction with
Y183 (Figure 8f; Figure S11). If compensatory interac-
tions with F227 similar to those observed in the V106A/
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Key aromatic residues in the binding pocket shift to accommodate changes in naphthyl ring position in mutant structures.

Superposition of Compound 1a bound to Y181C RT (protein in brown, ligand in yellow) and (a) V106A/Y181C Assembly 1 (protein in deep
teal, ligand in green) or (b) V106A/Y181C Assembly 2 (protein in pink, ligand in purple). (c) Superposition of Compound 1b bound to Y181C
RT (protein in brown, ligand in yellow) and V106A/Y181C (protein in deep teal, ligand in green). Superposition of Compound 2a bound to
Y181C RT (protein in brown, ligand in yellow) and (d) V106A/Y181C Assembly 1 (protein in deep teal, ligand in green), or (e) V106A/Y181C
Assembly 2 (protein in pink, ligand in purple). Superposition of Compound 2b bound to Y181C RT (protein in brown, ligand in yellow) and
(f) V1I06A/Y181C Assembly 1 (protein in deep teal, ligand in green) or (g) V106A/Y181C Assembly 2 (protein in pink, ligand in purple). Both

side (left) and front (right) views are shown for each superposition.

Y181C:2a structure occur, they are likely much weaker as
the naphthyl group is rotated away from the residue,
toward the back of the pocket, and the residue is disor-
dered (Figure 8f). As the shift in the catechol ring posi-
tion is small, the conformation of the ethoxy uracil ring,
and the hydrogen bond between the uracil ring carbonyl
and the backbone of K103 are maintained in the double
mutant structure (Figure 6d). However, the conformation

of the compound in Assembly 2 significantly deviates
from that observed in the Y181C single mutant. V189
rotates into the binding pocket, causing the catechol ring
to rotate approximately 40° relative to the Y181C single
mutant. This rotation causes a significant repositioning
of both the naphthyl ring and ethoxy linker. As in the
V106A/Y181C:2a structures, the naphthyl group shifts
0.5 A downwards in the pocket. An 8° rotation of the
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Aromatic interaction partners
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(c) Compound 2a,

(d) Compound 2b in WT
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V106A/Y181C Assembly

2 (ligand: brown). Each atom in

the aromatic residue is colored
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ring of Compound 1a or 1b or

the naphthyl ring of Compound

2a or 2b on a scale of 3.5-5 A (C)
(scale bar shown below figures).

For example, note that in panel

(a) in the WT:1a structure, both

W229 and Y188 are a dark

purple, while W229 becomes

more yellow in both V106A/

Y181C:1a structures, indicating (d)
that the compound interacts

with Y188 at a similar distance,

but is farther away from W229.

1 from any atom in indolizine/naphthalene group  5.0A

naphthyl group into the binding pocket allows the C7
fluorine to fit between V100 and C181 without clashing
(Figure 8g). Although P95 does not shift into the pocket
to maintain its optimal interaction with the C7 fluorine
on the naphthyl group, Y188, F227, and W229 rotate into
the pocket to maximize their interactions with the shifted
naphthyl group (Figures 4d and 8g). Though mainte-
nance of the aag conformation of the ethoxy linker
results in a repositioning of the uracil ring and weaken-
ing of the hydrogen bond to the backbone of K103, the
new position optimizes the hydrogen bond between
the uracil ring and the backbone carbonyl of P236
(Figure 64).

3 | DISCUSSION

The indolizine and naphthyl catechol diethers represent
highly potent classes of NNRTIs with 0.3-2 nM affinities

: W229
-

Assembly 2

/‘ ' 2 w229
'

for WT HIV strains. Both classes of inhibitors remain
potent against the common drug-resistant Y181C mutant
strain. However, only the naphthyl compounds retain
this high level of potency against the V106A/Y181C dou-
ble mutant identified in the HIV-1 N119 mutant strain.
While naphthyl compounds 2a and 2b have only a 3-
4-fold decrease in activity between WT and the double
mutant, indolizine compounds la and 1b decrease in
potency 500-1000-fold. The structures presented here
suggest a possible mechanism for the naphthyl com-
pounds' retained activity in this mutant.

As the naphthyl group is larger than the indolizine
group, it can make more extensive interactions with the
aromatic residues lining the tunnel region, allowing
the pocket to occupy a wider range of conformations. As
the six-membered naphthyl ring brings its edge within
4 A of the phenylalanine ring, rotation into the pocket
may be favored for optimizing interactions with F227
(Figure 9c,d). This proximity likely allows for the up to
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20° rotation observed in naphthyl groups of both Com-
pounds 2a and 2b as they accommodate optimal contacts
between the catechol ring and V189 in both single and
double mutant structures. In contrast, indolizines 1la
and 1b have much less rotational flexibility in this region;
any shifts necessary to accommodate catechol ring rota-
tions are largely horizontal and vertical motions
(Figure 8). As the edge of the five-membered indolizine
ring is nearly 5 A from F227, their potency is likely more
reliant on interactions with Y188 and W229
(Figure 9a,b). While F227 does rotate in the V106A/
Y181C:1a structure, it likely does so to avoid a clash with
the indolizine ring's new position rather than to optimize
interactions with the ring (Figure 8a,b).

Interactions with W229 are likely particularly crucial
for indolizine compounds. The indolizine ring is placed
slightly higher in the pocket than the naphthyl ring,
reducing interaction distance from nearly 4 A to less than
3.5 A (Figure 9). While strong interactions with W229,
which is highly conserved, are ideal in most cases, the
reliance of the indolizine compounds on this interaction
proves detrimental in the V106A/Y181C mutant. As
W229 remains in a similar position in all observed struc-
tures, the downward shift in the Compound 1a structures
increases this distance to 3.7 and 3.5 A in assemblies
1 and 2, respectively. Despite the larger interaction dis-
tance in wildtype and single mutant structures, the
naphthyl ring appears to make a stronger interaction
with W229 than the indolizine ring. Although both Com-
pounds 2a and 2b also shift downward in the V106A/
Y181C double mutant, the tryptophan residue rotates
down into the pocket to maintain an optimal interaction
distance. A similar dependence of potency against
mutant strains on W229 interaction strength has also
been observed in the related 2-naphthyl diether series
(Duong et al., 2020).

The top of the molecule is not the only place that the
naphthyl compounds have additional conformational
flexibility. While aag is the preferred ethoxy-linker con-
formation for both compounds, the first dihedral angle is
more variable in the naphthyl compounds than in the
indolizines. Since the ethoxy linker of indolizine com-
pounds fits tightly in a groove between V106 and L100 in
wildtype and single mutant structures, its conformation
is restricted to fall between 176° and 180°. However, the
ethoxy linker is not as tightly constrained in naphthyl
compounds, allowing the first dihedral angle to vary
between 170° and 215° (Figure 5). This additional flexi-
bility may result from the need to maintain the uracil
ring's  hydrogen  bonding  interactions  while
accommodating the wider variety of catechol ring posi-
tions and orientations supported by the naphthyl ring's
ability to rotate within the binding pocket.

Reliance on V106 to restrict the conformational flexi-
bility of the ethoxy linker proves detrimental for indoli-
zine compounds when the residue is replaced by a
smaller alanine. While all observed conformations fall
into the aag category, all have dihedral angles that
fall outside the previously observed range, 182°, 175°,
and 172° for Compound 1la, Assemblies 1 and 2, and
Compound 1b, respectively (Figure 5). While these are
minor rearrangements in this flexible linker, they con-
tribute to the displacement of the uracil ring in the
V106A/Y181C:1b, which results in the loss of the hydro-
gen bond between the uracil ring and the backbone of
K103 (Figure 6f). As naphthyl compounds can tolerate a
wider variety of linker conformations, this effect is less
detrimental on their potency.

The V106A/Y181C mutant has also been identified in
other passage experiments against nevirapine (Balzarini
et al., 1993; Fujiwara et al., 1998), the first FDA-approved
NNRTI, and capravirine (Sato et al., 2006), a second gen-
eration NNRTI which failed to progress past Phase II
clinical trials. This double mutant is reported to confer
600-fold resistance against nevirapine (Sato et al., 2006).
While 200-fold decrease in nevirapine potency provided
by the Y181C mutation alone confounds this result, the
V106A mutation alone can also provide 60-150-fold resis-
tance (Stanford University, 2022), consistent with the fact
that more than half of the compound's structure makes
4 A or closer contact with V106 (Figure 10c). In contrast,
the V106A/Y181C mutation was only found in viruses
passaged at low capravirine concentrations and only con-
fers five-fold resistance to the drug (Sato et al., 2006).
V106A, F227L, and V106A, L100I double mutants, how-
ever, can provide more than 100-fold capravirine resis-
tance. Though V106 is within 4 A of three out of
capravirine's four substituents, they all make additional
stabilizing interactions with other residues in the binding
pocket, including F227 and L100, so the virus requires
additional mutations to fully destabilize the structure
(Figure 10d).

Doravirine, the most recently approved NNRTI, also
struggles against V106A, which emerges as a primary
mutation and provides a 50-fold reduction in potency
alone (Lai et al., 2014). This effect increases to over
150-fold resistance in combination with F227L (Martin
et al.,, 2020). This is likely because doravirine's central
pyridine ring sits directly on top of V106 and its triazole
ring substituent sits against the back of the residue
(Figure 10e). Other HIV cell culture experiments compar-
ing the WT and V106A/Y181C variant found doravirine
and efavirenz to be 3-fold and 10-fold, respectively, less
effective with the double mutant.

Of the currently approved NNRTIs, rilpivirine and
etravirine, both members of the diarylpyrimidine (DAPY)
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FIGURE 10

Inhibitors that make closer contact with V106 tend to have reduced potency in the V106A/181C double mutant. Wildtype

structures with (a) Compound 1a (PDB: 4MFB), (b) Compound 2b (PDB: 5TW3), (c) Nevirapine (PDB: 1VRT), (d) Capravirine (PDB: 1EP4),
(e) Doravirine (PDB: 4NCG), (f) Etravirine (PDB: 3MEC), (g) Rilpivirine (PDB: 2ZD1), and (h) Compound 3 (PDB: 5C24). V106 is shown in
yellow for each structure. Ligands are colored by distance of each atom from V106 on a scale between 3.5 and 4 A. The chemical structure of

each compound is shown alongside the crystal structure.

series, are the only ones to remain unaffected by V106
mutations (Stanford University, 2022). Of note, our most
promising compounds, which replace rilpivirine's cyano-
vinyl group with either an indolizine or naphthyl ring
have similar 0.5-10 nM potency against both wildtype
and V106A/Y181C double mutant virus (Lee et al., 2015).
This effectiveness against V106 mutations makes sense as
this class of compounds makes very limited interactions
with the residue. Etravirine makes glancing interactions
with the sides of its two aryl rings (Figure 10f). In the ril-
pivirine structure, only one atom at the end of one of the

aryl rings is within 4 A of V106 and Compound 3, our
lead indolizine DAPY, does not make any interactions
within this threshold (Figure 10g,h).

This suggests a possible mechanism for the detrimen-
tal effects of the V106A mutation against a wider variety
of NNRTIs. Increased contact of an inhibitor with V106
leads to an increase in susceptibility to resistance in
mutant strains of the virus. This is particularly pro-
nounced in compounds that rely on the residue to restrict
the conformation of flexible regions to optimal geome-
tries. However, in cases where the inhibitor only makes
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contact with the residue at the end of a substituent, an
additional destabilizing mutation is often required for a
significant reduction in potency. Taken together, the cur-
rent studies provide valuable structural insight for further
inhibitor design especially in considering variant strains
of HIV that may be associated with drug resistance.

4 | MATERIALS AND METHODS

4.1 | Viral sequencing of clinical isolates
Viral aliquots underwent RNA extraction (Quick RNA
Viral kit, Zymo Research, cat #Q1034), cDNA synthesis
(SuperScript IV First Strand Synthesis System, Thermo
Fisher, cat#18091050), and nested PCR as previously
described (Ho et al., 2013). cDNA was first amplified
using outer primers 5FLOut (5-GCCCCTAGGAAA
AAGGGCTGTTGG-3') and 3INOut (5-AATCCTCATC
CTGTCTACTTGCC-3') for 30 cycles of amplification by
Platinum Taq HiFi polymerase. Two microliters of the
outer PCR product were then amplified using inner PCR
primers 5FLIn  (5-TGCAGGGCCCCTAGGAAAAA
GGGCTG-3') and 3INIn (5-CCACACAATCATCACC
TGCC-3') for 35 cycles of amplification. Gel bands were
visualized by 1% agarose gel electrophoresis, extracted,
and sequenced using these primers: 3GagOut (5'-TCT
TTATCTAAGGGAACTGAAAAATATGCATC-3'), 5FLIn
(5-TGCAGGGCCCCTAGGAAAAAGGGCTG-3'), 3FLOut
(5-CCTTGCCCCTGCTTCTGTATTTCTGC-3'), 5INIn (5-
GAAAATTGAATTGGGCAAGTC-3'), and 3INIn (5'-CCA-
CACAATCATCACCTGCC-3). Consensus sequences from
the assembled contigs covering pol region were uploaded
onto HIVdb Program: Sequence Analysis interface on HIV
Drug Resistance Database.

4.2 | Cloning, expression, and
purification

Recombinant WT RT52A HIV-1 RT was expressed and
purified as previously described (Carter et al., 2023; Das
et al., 2008). To produce double mutant V106A/Y181C
RT52A construct for HIV-1 RT, the V106A mutation was
cloned into the p66 subunit of Y181C RT52A using Quik-
change mutagenesis (Agilent) as previously described
(Frey et al., 2015). This V106A/Y181C RT52A HIV-1 RT
was expressed and purified in the same manner as WT
with slight modifications. To maximize formation of the
correct p66/p51 heterodimer, transformed BL21(DE3)
cells were induced early, at an ODgy, of 0.4 with 1 mM of
IPTG. Additionally, the heparin column gradient was
modified to allow for cleaner separation between the

p66/p51 heterodimer from any free p51 subunit. RT was
loaded on a 5-mL Heparin column (Cytiva) in Buffer C
(50 mM Tris pH 8.0, 10% Glycerol, 0.5 mM TCEP) and
eluted using a slow gradient from 28% to 55% Buffer D
(50 mM Tris pH 8.0, 1M NacCl, 10% Glycerol, 2 mM DTT)
over 16.2 column volumes. This protein was used for
both biochemical and crystallographic experiments.

4.3 | Biochemical assays

In vitro inhibition of both WT and V106A/Y181C RT was
assayed using a PicoGreen-based EnzChek Reverse Tran-
scriptase Assay Kit (Thermo Fisher Scientific, Inc.,
E22064) as previously described (Carter et al., 2023).
RT52A (20 nM active site concentration in the final reac-
tion) was incubated at room temperature for 15 min with
either test compounds at various concentrations or a
DMSO control in a 96-well plate (Greiner 655096). The
reaction was initiated with annealed r(A)ss, template and
d(T);¢ primer at a final concentration of 4 pg/mL in poly-
merization buffer (60 mM Tris pH 8.1, 60 mM KClI,
8 mM MgCl,, 13 mM DTT, 100 pM dTTP). After 30 min,
the reaction was quenched with EDTA, and the Pico-
Green reagent was added. PicoGreen fluorescence was
measured with a plate reader (Molecular Devices Specta-
max M5) with excitation and emission at 485 and 520 nm
respectively. Each measurement was performed in tripli-
cate and values were normalized to DMSO controls. The
resulting curves were fit to the standard four-variable
dose-response curve in Prism (version 9.4.0) to determine
the ICso. Since 20 nM enzyme is required for adequate
signal to noise, we cannot accurately determine ICs,
values below 10-20 nM.

4.4 | Crystallization
Details of crystallographic methods can be found in the
Supporting Information.
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