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An integrated computational and statistical approach was
used to determine the association of non-nucleoside reverse
transcriptase inhibitors (NNRTIs) nevirapine, efavirenz and etra-
virine with resistance mutations that cause therapeutic failure
and their impact on NNRTI resistance. Mutations detected for
nevirapine virological failure with a prevalence greater than
10% in the used patient set were: K103N, Y181C, G190A, and
K101E. A support vector regression model, based on matched
genotypic/phenotypic data (n=850), showed that among
6365 analyzed mutations, K103N, Y181C and G190A have the
first, third, and sixth greatest significance for nevirapine resist-
ance, respectively. The most common indicator of treatment
failure for efavirenz was K103N mutation present in 56.7% of
the patients where the drug failed, followed by V108l, L100I,
and G190A. For efavirenz resistance, K103N, G190, and L100I
have the first, fourth, and eighth greatest significance, respec-
tively, as determined in support vector regression model. No

Introduction

Acquired immunodeficiency syndrome (AIDS) is caused by
human immunodeficiency virus (HIV). More than 33 million
people are currently infected with HIV, which is a retrovirus.
HIV reverse transcriptase (RT) is a crucial enzyme responsible
for the synthesis of double-stranded DNA from the single-
stranded RNA genome. RT is an asymmetric heterodimer com-
posed of two subunits, p66 and p51. Due to its essential role
in HIV replication, RT is a major target in antiretroviral thera-
py."" More than half of the currently approved drugs for the
treatment of HIV-1 infection are RT inhibitors. They can be clas-
sified into two main groups: nucleoside RT inhibitors (NRTIs)
and non-nucleoside RT inhibitors (NNRTIs).'™¥ NRTIs compete
with the natural deoxynucleoside triphosphate (dNTP) sub-
strate for RT binding, and thus inhibit HIV replication by termi-
nating chain elongation. NNRTIs bind to an allosteric site in
HIV-1 RT and indirectly interfere with dNTP incorporation, prob-
ably by altering the conformation of residues located in the
active site and inducing structural distortion of RT. However,
drug-resistant mutants have emerged because of pharmaco-
logical selection pressure and limit the effectiveness of these
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positive interactions were observed among nevirapine resist-
ance mutations, while a more complex situation was observed
with treatment failure of efavirenz and etravirine, characterized
by the accumulation of multiple mutations. Docking simula-
tions and free energy analysis based on docking scores of mu-
tated human immunodeficiency virus (HIV) RT complexes were
used to evaluate the influence of selected mutations on drug
recognition. Results from support vector regression were con-
firmed by docking analysis. In particular, for nevirapine and
efavirenz, a single mutation K103N was associated with the
most unfavorable energetic profile compared to the wild-type
sequence. This is in line with recent clinical data reporting that
diarylpyrimidine etravirine, a very potent third generation drug
effective against a wide range of drug-resistant HIV-1 variants,
shows increased affinity towards K103N/S mutants due to its
high conformational flexibility.
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highly potent inhibitors. In vitro experiments determined that
resistance to most NNRTIs is caused by multiple mutations in
or near the NNRTI binding pocket of HIV-1 RT, including K103,
Y181, and Y188."

Several structural studies have demonstrated that NNRTI
binding affects the conformation of the catalytic carboxylates
able to bind metal cofactors (Mg>" cations) causing a shift in
the position of the primer grip®®” and a decrease of thumb
mobility in the p66 subunit.®'” These inhibitors are stabilized
in the binding pocket by 1) stacking interactions between the
aromatic rings of the drug and side chains of Y181, Y188,
W229 and Y318; 2) electrostatic forces, particularly significant
for K101, K103 and the p51 residue, E138; 3) van der Waals in-
teractions with L100, V106, V179, Y181, G190, W229, L234 and
Y318; and 4) hydrogen bonds between the NNRTI and the RT
main chain.

The NNRTI binding pocket is an elastic pocket situated be-
tween the B6-B10-9 and B12-B13-f14 sheets in the palm
subdomain of the p66 subunit, approximately 10 A away from
the catalytic site. Its conformation depends on the size, specific
chemical structure, and binding mode of the drug. Structural
studies showed that nevirapine (NVP) and other first-genera-
tion NNRTIs adopt a “two-ring” binding mode® " and are char-
acterized by a low genetic barrier to the development of resist-
ance. NVP binding is stabilized by RT amino acids Y181 and
Y188 through stacking interactions between their aromatic
side chains and the pyridine groups of the inhibitor. Not sur-
prisingly, mutations at position 181 (e.g., Y181C or Y181l) or
position 188 (e.g., Y188C, Y188I, Y188L or Y188H) are responsi-
ble for conferring high-level resistance to the inhibitor.

Second-generation inhibitors such as efavirenz (EFV) were
designed to reduce the contribution of stacking interactions in
their stabilization of the NNRTI binding pocket.">' In particu-
lar, upon binding, EFV makes direct or water-mediated hydro-
gen bonds with the protein backbone of K101 and K103.'”
The most common mutation found in patients failing to re-
spond to EFV is K103N, but there are other frequently ob-
served substitutions, such as V108l, P225H or L100l, K101E,
K101Q, Y188H, Y188L, G190S, G190A and G190E."™ Molecular
modeling studies using the crystal structure of the unbound
HIV-1 K103N mutant RT have shown that a hydrogen bond is
formed between the hydroxy group of Y188 and the N103 NH
group. Such an interaction is responsible for the stabilization
of the apo-RT conformation and for an increase in the energy
barrier for NNRTI binding."®

In order to avoid cross-reactivity with NVP and EFV and to
obtain a better resistance profile with an increased genetic
barrier, third-generation NNRTIs have been developed. Etravir-
ine (ETR), formerly TMC-125, is a diarylpyrimidine (DAPY) char-
acterized by a high torsional flexibility."” Structural studies
have shown the ability of ETR, as well as other DAPY ana-
logues, to assume distinct conformational variants associated
with improved potency against wild-type HIV-1 RT and a wide
range of drug-resistant mutants."® ETR was found to be effec-
tive against viruses containing combinations of common drug
resistance mutations, such as K101E/K103N or K103N/Y181C."”
In ETR-resistant isolates, several substitutions were observed,
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such as L100I, V179I/F, Y181C, G190E, M230L and Y318F. Clini-
cal studies have demonstrated the accumulation of at least
two drug resistance mutations associated with high-level re-
sistance to ETR. Structural analyses have indicated that in the
presence of single mutations, ETR reduces its alternative bind-
ing configurations restricting the potential for accommodating
additional RT mutations. These observations support the find-
ing that ETR resistance requires multiple mutations.l'®'?

With the aim to optimize DAPY compounds, rilpivirine (RPV)
was designed with the focus of establishing interactions with
the conserved amino acids in the NNRTI binding pocket, in
particular W229.%% In vitro, RPV shows a resistance profile and
genetic barrier to the development of resistance comparable
to those of ETR.2" High-resolution crystal structures of RPV in
complex with L100I/K103N HIV-1 RT show the inhibitor reach-
ing deeper into the NNRTI binding pocket toward amino acid
W229 compared with ETR.”? Both DAPY compounds exhibit a
similar flexibility in adapting to the altered binding site caused
by resistance mutations.”®

Lersivirine (LSV) is a next-generation NNRTI belonging to the
pyrazole family characterized by an in vitro resistance profile
comparable to that of ETR and RPV.*¥ LSV has shown good an-
tiviral activity and tolerability in a proof of concept monothera-
py study with once- and twice-daily administration to treat-
ment-naive patients for 7 days.””’ LSV has a novel mode of
binding to RT resulting in largely non-overlapping resistance
with existing agents from the class. It is selective against a
range of human targets, has broad-spectrum activity against
primary and lab-derived NNRTI-sensitive or -resistant strains.”®
Furthermore, it is being currently being studied in a phase IIB
dose finding study, with once- and twice-daily administra-
tion.1?*

Though several studies have contributed to our current
knowledge of drug-related RT variants,””” the factors contribu-
ting to NNRTI resistance are numerous and have not yet been
completely elucidated. Therefore, rationalizing the molecular
recognition of some of the currently approved NNRTIs in the
presence of known RT mutations associated with resistance is
a critical step for the development of superior inhibitors. Here,
we analyzed the clinical occurrence of RT mutations associated
with drug resistance to three approved NNRTIs using computa-
tional analysis of HIV-1 RT crystallographic models. Such an
analysis, based on the comparison of structural data to drug
resistance profiles, has allowed us to understand the influence
of some drug resistance-associated mutations in the recogni-
tion of NVP, EFV and ETR by RT.

Results and Discussion

In this study, we focused our attention to RT mutations associ-
ated with resistance to the NNRTIs currently in clinical use. Ini-
tially, we determined the prevalence and patterns of RT muta-
tions detected in a large group of patients (n=1265) failing
for the first time a treatment regime contain an NNRTI. The
prevalence of these resistance-associated mutations in subsets
of patients failing for the first time a treatment course contain-
ing NVP (n=568), EFV (n=647), or ETR (n=50) is reported in

ChemMedChem 2011, 6, 2203 -2213


www.chemmedchem.org

Analyzing Resistance to HIV-1 NNRTIs

- . - - - - ance or viral fitness. This indi-
Table 1. Prevalence of NNRTI resistance mutations in patients failing treatment regimes with NVP (n=568), h h f
EFV (n=647) or ETR (n=50) for the first time. cates that the co-occurrence o
mutations does not take place
va[b] EFvlb] ETR[b] randomly.
Mutation® n [%] Mutation® n [%] Mutation® n [%] . .
No positive correlations
K103N 213 (37.5) K103N 362 (56.0) Y181C 17 (34.0) among NNRTI resistance muta-
Y181C 195 (34.3) V108l 92 (14.2) G190A 10 (20.0) . . .
G190A 141 (24.8) L1001 80 (12.4) K103N 9 (18.0) tions were observe.d' n pat'lents
K101E 57 (10.0) G190A 77 (11.9) L100I 6 (120) | Where a NVP-containing regimen
V106A 45 (7.9) P225H 64 (9.9) V108 6 (12.0) | failed (only exceptions are K101E
V108l 42 (7.4) K238T 42 (6.5) K101E 5 (10.0) and G190A that 5trong|y corre-
K238T 22 (3.9) Y181C 42 (6.5) K1011 4 (8.0) I : :
with h other; phi=0.35,
Y188L 20 (3.5) Y188L 37 (5.7) G190S 3 (6.0) ated with each other; P X 0.35
G190S 16 28 G190 33 (1) KI103S 2 @o) | P=1.1E=10, Table 2). This result
Y1811 15 (2.6) K101P 26 (4.0) V179F 2 4.0) | is fully consistent with a recent
M230L 7 (1.2) K103S 13 (2.0) Y1811 2 (4.0) Study Showing the presence of
K103S 6 (1.1) G190E " (1.7) Y181V 2 (4.0) . .
very weak interactions amon
Y188C 4 0.7) V106A 10 (1.5) Y188L 2 (4.0) ery ea, teractions a 0[3(];]
Y188H 3 (05) V106M 9 (14) M230L 2 @0y | NVP resistance mutations.
K101P 3 (0.5) M230L 9 (1.4) V106A 1 20) | Conversely, we observed strong
Y181v 2 (04) Y188H 8 (1.2) V106M 1 (20) | negative correlations for Y181C
L100l 2 (0.4) Y188C 2 (0.3) E138K 1 (2.0) . .
with  Y188L hi=-0.1 P=
V106M 2 (0.4) E138K 2 (0.3) - - - ! 8L 0.18, .
E138K 2 (0.4) V179F 1 0.2) _ _ _ 6.5 E—4), and fOr K103N Wlth
- - Y181V 1 (0.2) - - - either K101E (phi=0.23, P=
[a] Mutation data taken from References [29] and [30]; only mutations detected in our dataset are shown. 1.4 E=5), G190A (ph|:0.?5, p=
[b] The number of patients in a given mutation subset is give as an absolute value (n) and as a proportion (%) 4.1E-6), or G190S (phi=0.15,
of the total number of patients failing the treatment regime. Nevirapine (NVP), total n=>568, efavirenz (EFV), P=1.6 E—2). These results indi-
total n=647; etravirine (ETR), total n=50. cate that the virological failure

Table 1. Mutations detected in more than 10% of the patient
subset for NVP were: K103N (37.5%), Y181C (34.3%), G190A
(24.8%), and K101E (10.0%). Similarly, the most common RT
mutation found in patients failing a treatment regime that in-
cluded EFV was K103N, present in 56.7 % of the patient subset,
followed by V108! (14.2%), L100I (12.4%), and G190A (11.9%).
Conversely, Y181C was present only in 6.5% of patients in the
EFV subset. Of the 50 patients failing a treatment regimen con-
taining ETR, NNRTI resistance mutations were detected in 39 of
them, with Y181C being the most common mutation followed
by G190A (Table 1). In contrast, we observed only a low preva-
lence of Y181l and Y181V; this is consistent with a previous
study showing that these two mutations, although conferring
high-level resistance to ETR, rarely occur in patients where ETR
failed (prevalence < 1%).®

Interaction among NNRTI resistance mutations

In order to provide a comprehensive definition of mutational
patterns underlying NNRTI in vivo virological failure, defined as
two consecutive determinations of plasma HIV-RNA <50 co-
piesmL™", we also evaluated the association of NNRTI resist-
ance mutations in subsets of patients failing treatment regimes
containing NVP (n=568), EFV (n=647) and ETR (n=50). In par-
ticular, we calculated the phi coefficient and its statistical sig-
nificance for each pair of mutations (Table 2). A positive and
statistically significant correlation between mutations at two
specific positions (0<phi<1, P<0.05) indicates that under
drug pressure, these two positions mutate in a correlated
manner in order to confer an advantage in term of drug resist-
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of NVP, a first-generation NNRTI,
is generally mediated by a single
mutation confirming the low HIV genetic barrier to this drug.

A more complex situation was observed for EFV, a second-
generation NNRTI, characterized by a higher genetic barrier to
resistance compared with NVP. Indeed, we observed strong
positive correlations for K103N with either L100l (phi=0.22,
P=28 E—6) or P225H (phi=0.15, P=1.3 E-2), for Y181C with
G190A (phi=0.24, P=13E—4), and for KI01E with either
G190A (phi=0.21, P=88E—4) or G190S (phi=0.31, P=
5.3 E—6). The correlation between K101E and G190S is consis-
tent with a recent study showing that the presence of K101E+
G190S correlated with increased EFV resistance when com-
pared with either of the single mutants and improved viral fit-
ness under EFV pressure.®? The negative correlation of K103N
with K101E and mutations at RT position 190, observed in pa-
tients failing treatment with NVP, was also confirmed in EFV
virological failure (Table 2).

Since pair-wise analysis suggested the existence of specific
pathways of mutations underlying EFV resistance, we per-
formed an average linkage hierarchical agglomerative cluster
analysis to investigate this hypothesis in more detail. The top-
ology of the dendrogram, shown in Figure 1, suggests the exis-
tence of at least two distinct clusters involving K103N along
with L100l and P225H (bootstrap =0.98) and Y181C along with
G190A/S and K101E (bootstrap=0.96). These results support
our hypothesis that the virological failure of EFV is mediated
by the accumulation of multiple mutations. This data are con-
sistent with a previous study showing that the point mutation
K103N was most often the first NNRTI resistance mutation ob-
served in patients for whom EFV combination therapy failed,
followed by the eventual observation of double- and even
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L - - ] - N ] . tients on a treatment regime
Table 2. Significantly correlated pairs of NNRTI mutations in patients failing a treatment regime containing hat includ ETR i il limited
NVP (n=568), EFV (n=647), or ETR (n=50) for the first time. that includes Is stll limited.
However, new patterns of NNRTI
Mutation® Frequency™ Correlated Frequency™ Co-variation Phi P value resistance mutations were ob-
mutation” frequency” served. In particular, the muta-
n (9] n o]  n [9%] erved. 'n p '
tion G190S strongly correlated
Nevirapine (NVP) .
K101E 57 10.0 G190A 141 24.8 42 7.4 035 1.11E-10 Wlth both K1O1E ‘and Y181C
K103N 213 375 GI90A 141 248 39 68 —025 408E-06| (Phi=048and 035 P=0.02and
G190S 16 2.8 1 1.7 —0.15  1.62E-02 | 0.04, respectively). In addition,
K101E 57 100 9 1.6 —023  143E-05| ETR resistance mutation L100I
Y181C 195 34.3 Y188L 20 35 0 0.0 —0.18  6.46E-04 and the NVP/EFV resistance mu-
Efavirenz (EFV) tation K103N strongly correlated
K101E 44 6.8 G190A 77 11.9 18 28 0.21 876 E—04 | each other (phi=0.58, P=0.001).
G1905 33 51 427 031 535E=06 | In all, the four patients carrying
G190A 77 1.9 Y181C 42 6.5 19 29 0.24 1.31 E—04 .
h the NNRTI resistance muta-
K103N 362 52.0 P225H 64 9.9 60 9.2 0.15 1.29 E-02 b_Ot the esistance muta
L100l 80 124 79 122 022 277E-06 | tions, K103N was already present
G190A 77 11.9 47 7.3 —020 763E-04 | at the baseline, suggesting that
G190E 1 1.7 1 0.1 —026  5.14E-05| this mutation could help the se-
G190S 33 5.1 7 1.1 —040  565E-12 . . .
K101E w 68 1 18 042 360E_13 lection of L1F)OI. This is the first
Y188L 37 57 18 238 _023 280E-04 | study analyzing the patterns of
L100l 80 124 K103N 362 52.0 79 12.2 0.22 2.77 E-06 mutations associated with ETR
Viosl 92 425 08 —0.16  446E-03 | resistance. Our results confirm
he requirement of multiple re-
Etravirine (ETR) t_ € require e.t o ultiple re
G190S 3 60  KIOIE 5 100 2 66.7 048 200E-02 | Sistance mutations to overcome
Y181C 17 34.0 3 100.0 0.35 400E—02 | the pressure imposed by ETR, a
L100l 6 12.0 K103N 9 18.0 4 66.7 0.58 1.00 E-03 recently approved, third-genera-
[a] Mutation data taken from References [29] and [30]. [b] The frequency of patients failing a treatment regime tion NNRTI.
containing NVP (n=568), EFV (n=647), or ETR (n=50) for the first time. [c] Positive and negative correlations
with phi >0.15 and phi < —0.15, respectively, are shown. [d] All P values for co-variation were significant at a
false discovery rate of 0.01 following correction for multiple-hypothesis testing (Benjamini-Hochberg method). Interaction among NNRTI and
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Figure 1. Dendrogram obtained from average linkage hierarchical agglomer-
ative clustering showing clusters of NNRTI resistance mutations in 647 pa-
tients where EFV treatment failed. The length of branches reflects distances
between mutations in the original distance matrix. Bootstrap values indicat-
ing the significance of clusters are reported in the boxes.

triple-mutant viruses with higher levels of drug resistance than
the K103N single-mutant virus."™

Co-variation analysis was also performed on the data ob-
tained from the ETR patient subset (n=50). Due to the recent
introduction of this drug into clinical use, the number of pa-
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NRTI resistance mutations

To assess the co-variation of

NNRTI- and NRTI-selected resist-
ance mutations, we performed an analysis on RT sequences
from 697 patients failing a treatment regimen containing an
NNRTI. We identified 16 positive and 5 negative statistically sig-
nificant correlations between NNRTI and NRTI mutations. The
strongest positive correlations involved the NNRTI mutation
L100I and the NRTI mutations L74V, K65R and T69I (phi>0.12,
P <0.001). Another notable positive correlation exists between
P225H and M184V (phi=0.11, P<0.001). The EFV resistance
mutation P225H was also strongly negatively correlated with
the thymidine analogue mutations M41L, L210W and T215Y
(phi<—0.13, P<0.0001). The full results of this analysis are
available in Table S1 in the Supporting Information.

Impact of mutations on resistance to nevirapine and
efavirenz

To investigate the contribution of mutations to viral resistance
to NVP and EFV, we analyzed an independent data set of 850
matched genotype-phenotype pairs for each NNRTI using a
feature ranking system based on support vector regression
(SVR). This multivariate procedure allows the quantification of
the impact of a mutation on resistance to a specific drug rela-
tive to other mutations. Among the 6365 mutations analyzed,
our model showed that the major NNRTI resistance muta-
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tions®” were among the 25 mutations determined to have the

greatest weight on resistance to NVP and/or EFV. This result in-
dicates that our model might accurately capture the current
knowledge regarding resistance to NNRTIs. The ranking of mu-
tations by SVR provided evidence for the different contribu-
tions of a specific mutation to NVP and EFV resistance
(Table 3).

1) Contribution to NVP resistance. Our model identified the
top eight mutations with a Z-score® greater than 0.3 directly
conferring resistance to NVP (Table 3). In particular, the stron-
gest contribution was observed for K103N (Z-score =1.1882),
followed by Y188L (Z-score=1.0052), and Y181C (Z-score=
0.7571). Both of the NNRTI resistance mutations at position 190

Table 3. Z-score®® resistance data calculated for the reverse transcriptase
(RT) complexes in the presence of nevirapine (NVP) and efavirenz (EFV).
NVP EFV
Model Z-score Model Z-score
WT 0.0000 WT 0.0000
K103N 1.1882 K103N 1.1247
Y188L 1.0052 Y188L 0.9028
Y181C 0.7571 G190S 0.6776
G190S 0.6131 G190A 0.6319
V106A 0.5624 K103S 0.5452
G190A 0.5440 K101E 0.3832
K103S 0.5283 K101P 0.3457
K101P 0.3748 L1001 0.3399
- - Y181C 0.3171
- - V179D 0.3006

(G190S and G190A) were included in the top eight mutations
contributing to NVP resistance ranking in the 4th (G190S: Z-
score =0.5440) and 6th position (G190A: Z-score =0.6131). Fi-
nally, we included the 1135T polymorphism, even thought the
associated Z-score was less than 0.3, as feedback for the pre-
diction quality (Z-score =0.2351).

2) Contribution to EFV resistance. Our model identified the
top ten mutations with a Z-score greater than 0.3 (Table 3).
Similar to NVP, the mutation that makes the greatest contribu-
tion to EFV resistance was K103N (Z-score=1.1247) and Y188C
(Z-score =0.9028), followed by G190S (Z-score=0.6776) and
G190A (Z-score=0.6319). Y181C, showing the third most sig-
nificant contribution to NVP resistance in the SVR model, was
ranked in the 9th position in the context of EFV treatment fail-
ure. Finally, K101E and L100l showed a Z-score of greater than
0.3 only in the context of viral resistance to EFV and not NVP.
Again, to check the prediction quality, we included the 1135T
mutation in our analysis (Z-score =0.1390).

RT-NNRTIs complexes structural analysis

Z-score resistance data provided us with the rationale to evalu-
ate the influence of the common mutations among those se-
lected with respect to RT molecular recognition of NVP and
EFV. Our computational approach was subsequently applied to
ETR complexes, analyzing the same substitutions identified.
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ETR correlating Z-score values were not available due to the
low statistical significance of therapeutic data, but recent liter-
ature observations supported our findings.?®

In order to analyze NVP-RT, EFV-RT and ETR-RT complexes,
crystal structures deposited in the Protein Data Bank (PDB)®*
with the codes 1VRT™ (resolution 2.20 A), 1IKWE (resolution
3.00 A) and 15V5"¥ (resolution 2.90 &) were selected. Structural
studies comparing a series of NNRTIs with widely variant inhib-
itory potencies against wild-type RT showed significant confor-
mational differences in the NNRTI binding pocket.®® In particu-
lar, Y181 and Y188 are known to contribute strongly to the sta-
bilization of the drug-enzyme complex through hydrophobic
interactions so that a single mutation at these residues gives a
drastic reduction in inhibitor binding affinity due to a loss of
aromatic ring stacking between the first-generation inhibitors
such as NVP and the two tyrosine residues of the NNRTI bind-
ing site."¥

By contrast, amino acids K101 and K103, located at the
opening of the NNRTI binding pocket, play crucial roles in hy-
drophilic interactions with the inhibitor. Therefore, substitu-
tions K103N and K101E cause strong resistance to multiple
NNRTIs, including the first-generation drug NVP"3¥ Analyzing
the crystallographic structures of the wild-type and K103N
mutant RTs in complex with EFV,*® the K103N mutation was
found to have minimal influence on the bound conformation
of this inhibitor. However, several studies have showed that in
the absence of an NNRTI, a hydrogen bond forms between
Y188 and N103 closing the entrance to the binding pocket,
thereby efficiently reducing its access to multiple NNRTIs"*3>3
and stabilizing the unbound enzyme state.®**? A mutation less
commonly observed at position 103 included K103S, which
was correlated to a reduction in viral susceptibility to first- and
second-generation NNRTIs. On the other hand, mutations at
this position cause no significant resistance to ETR, since this
inhibitor was designed to interact with this residue; in particu-
lar, ETR displays enhanced binding to the K103N mutant
R-I—.[41'16]

Furthermore, residue L100 helps define the putative solvent-
accessible entrance to the NNRTI binding pocket at the RT
heterodimer interface. In particular, the increase in resistance
caused by mutation at position 100 from leucine to isoleucine
(L100I) is related to steric hindrance. Increased steric bulk
causes changes in the conformation of the inhibitor within the
binding site and/or in the geometry of the binding pocket
itself.*? As reported in the literature, resistance mutation L100I
was associated with a decrease in side chain length and distor-
tion of the binding pocket region with a complete loss of pro-
tein-drug interactions.”¥ Such an effect is particularly evident
for second- and third-generation NNRTIs.['>2844

Another mutation that deserves attention is K101P, shown
to directly contribute to ETR resistance. In particular, it has
been observed that this mutation is the 3rd most significant
mutation involved in resistance to this NNRTI after Y181l and
Y181V.%

For all NNRTIs, the analyzed mutant models were built from
crystallographic data by replacing the appropriate residues; all
structures were subsequently energy optimized. The minimiza-
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tion procedure was validated by superimposing the optimized
mutant RT structures on the crystal structures of related
mutant RTs, and the obtained root mean square (RMS) values
were always less than 1.5 A (Tables S2 and S3 in the Support-
ing Information).

With the aim to investigate the influence of the analyzed
mutations on the conformational properties of the enzyme, we
submitted the above-mentioned complexes to AutoDock
Vina™' docking simulations. To test the accuracy and reliability
of the docking procedure, we firstly performed AutoDock Vina
redocking calculations starting from the original [NVP-RT],
[EFV-RT], and [ETR-RT] crystal structures in order to geometri-
cally reproduce the experimental data. In such an analysis, we
also included [RPV-RT] and [LSV-RT] PDB co-crystallographic
structures crystal structures even though they were not consid-
ered in our study. For all complexes, the program was able to
reproduce the experimental geometries well with RMS values
always below 1 A (for full details, see Table S4 and Figures S1-
S10 in the Supporting Information). Moreover, we carried out
also cross-docking simulations and found that all NNRTIs were
well accommodated in the binding pocket of both wild-type
and mutant RT (Figure S11-515 in the Supporting Information).

Consequently, we applied the same procedure for RT recog-
nition of NVP, EFV and ETR, and the obtained configurations
were evaluated in terms of their interaction free energy
(Table 4). The analysis revealed that in NVP-RT and EFV-RT
complexes, K103N and Y188L mutated enzymes were associat-
ed with reduced inhibitor binding affinities compared with
wild-type enzyme, thus indicating decreased stability accord-
ing to their high resistance index (Table 3).

Analyzing ETR-RT complexes, the bound DAPY drug was
found to be less stabilized within the NNRTI binding pocket of
the K101P mutant enzyme compared with the wild type, while
in presence of K103N and K103S substitutions, the binding
configuration was found to be more favorable, in agreement
with literature data.'®'® With respect to RT in complex with
EFV and ETR, the L100l mutation caused a decrease in drug af-
finity compared with wild type (based on SVR results). This is
consistent with SVR results for EFV (Table 3) and with recent
finding showing that L100l is among the four mutations with
the greatest contribution to viral resistance to ETR.®® Such a

Table 4. Evaluation of the AutoDock Vina™® interaction energy calculated
for all studied reverse transcriptase (RT) complexes in the presence of the
three inhibitors nevirapine (NVP), efavirenz (EFV), and etravirine (ETR).
Model AGy;ng [kcalmol™]
NVP EFV ETR
WT —103 -11.9 —9.6
L100l —10.7 —104 -9.1
K101P —-104 -11.8 -85
K103N —9.6 —9.8 —103
K103S —10.2 -1.7 —-10.2
1135T —103 —-11.8 —9.5
Y181C —10.0 —-11.5 —9.4
Y188L —9.5 —-10.9 -9.7
G190A —9.8 —-11.6 —9.6
G190S —9.7 —-11.5 —-9.7
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finding was not noticed for NVP; again, this is consistent with
SVR results and the extremely low prevalence of L100I in pa-
tients failing treatment with NVP compared with those failing
treatment regimes containing EFV or ETR (0.4% versus 12.4%
and 12 %, respectively).

Moreover, in order to evaluate the only positive association
of NNRTI resistance mutations, we included in our thermody-
namics analysis the double mutant K101E4+G190A for NVP
and EFV recognition. In both cases, we observed a reduced
binding affinity with respect to the wild type (data not shown),
in accordance with the experimental profiles.

To examine the obtained theoretical complexes for the ana-
lyzed NNRTIs, the interactions established between the studied
inhibitors and the enzyme active site were evaluated for either
wild type or high-resistance-associated mutants (Tables S5-S7
in the Supporting Information). For the best wild-type configu-
ration of the NVP-RT complex, several non-bonding contacts
with different RT residues, such as L100, K101, K103, V106,
Y181, Y188, G190, F227, W229 and Y318, were observed (Fig-
ure 2A). In the best configuration with the K103N mutant
enzyme, NVP was found to make several van der Waals interac-
tions with the same NNRTI binding pocket residues. However,
accommodation of NVP in the wild-type enzyme was well sta-
bilized through an interaction with G190, located in the bind-
ing pocket B-sheet and found to be essential for interactions
with this drug.*® Such a contribution is missing in the K103N
mutant complex where a reduced interaction network be-
tween the dipyridodiazepinone inhibitor and the RT amino
acids V106, Y181 and L234 was observed when compared with
the wild-type sequence. Furthermore, in the complex of NVP
and the Y188L mutant RT, the drug was deficient of some cru-
cial hydrophobic interactions with V106 and Y181 (Figure S16
in the Supporting Information). These geometric considera-
tions were consistent with the calculated binding affinity pro-
files.

In the wild-type EFV-RT global minimum complex, a hydro-
gen bond and several van der Waals interactions were detect-
ed (Figure 2B). In particular, the benzoxazinone inhibitor estab-
lished a hydrogen bond with the backbone carbonyl oxygen
of K101, found to be crucial for ligand binding. Recently, a
computational method was used to study the interactions be-
tween EFV and the binding pocket of wild-type HIV-1 RT.*”
The results showed a net attractive interaction between EFV
and the surrounding residues, with K101 predicted to have a
stronger interaction with the drug than the other residues.
Such an interaction is crucial for the stability of the inhibitor in
the binding site and strengthens the affinity of EFV compared
with other NNRTIs. It was suggested that weaker binding of
EFV to the K103N mutant can be attributed to a slightly weak-
ened attractive interaction between the drug and the K101 res-
idue."®

Examining the interactions of the most stable EFV-RT com-
plex in the presence of the K103N mutation, the drug lacks
some hydrophobic contacts with the binding site residues,
specifically with V106 and P236. Nevertheless, the hydrogen
bond with K101 remained the strongest interaction. Moreover,
it was observed that the N103 mutated residue in K103N/
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Figure 2. Three-dimensional representation of NNRTI interactions in the RT binding pocket. The panels show the best poses for NVP, EFV and ETR docked to
wild-type RT (A, B, C) and K103N mutant RT (A’, B’, C'). The drug is shown as grey carbon sticks with its surface area. The RT NNRTI binding pocket residues
involved in interactions are shown in pink, while amino acids able to establish additional contacts or hydrogen bonds are given in magenta. Panel B reports

the distance (A) between the atoms involved in the hydrogen bond (-----).

Y181C HIV-1 RT altered the hydrogen-bond distance between
the carbonyl group of the EFV benzoxine-2-one ring and the
backbone amino hydrogen (NH) of K101.“¥ As reported in Fig-
ure 2B, the measured distance of this interaction also showed
the single K103N substitution related to such a perturbation
(dwr=3.05 A; diiosn=3.11 A). The increased distance was asso-
ciated with the observation that N103 creates repulsive inter-
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actions with EFV when compared to the interaction between
K103 and the drug.”® Analyzing the EFV-RT Y188L mutant
complex, a decreased number of good contacts between the
inhibitor and W229 were noticed (Figure S17 in the Supporting
Information); L234 and Y318 residues were missing in this con-
figuration. In the EFV-RT L100l mutant global minimum com-
plex, the drug was less stabilized due to a reduced interaction
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network with Y188 and W229 and due to the loss of a crucial
hydrophobic contact with Y318. These structural findings and
the obtained thermodynamics results can justify the poor drug
stabilization within the NNRTI binding pocket and its high-
level resistance profile in the presence of the L100l, K103N and
Y188L mutations.

In the most probable wild-type ETR-RT configuration, the
DAPY was well stabilized in the enzyme active site through a
large number of non-bonding contacts (Figure 2 C). Specifically,
ETR was found to interact with E138 of the p51 subunit; such
an interaction was missing for the first- and second-generation
NNRTIs. E138 was the only residue of the p51 subunit interact-
ing either directly or indirectly with the bound NNRTI. Such a
residue is part of the $7-f8 loop in the highly conserved
amino acid sequence of HIV-1 RT. Mutagenesis analyses high-
lighted the pivotal structural and functional roles of E138 in
NNRTI binding pocket stabilization in that its mutation signifi-
cantly reduced viral infectivity.*”

Interestingly, analyzing the most stable configuration in the
presence of the K103N substitution, additional non-bonding in-
teractions were observed with amino acids V106, V189, G190,
F227, H235 and P236, compared with the wild-type complex.
Moreover the best poses for both the wild-type and K103N en-
zymes in complex with ETR showed relevant conformational
differences. In particular, the wild-type complex assumed a
more compact configuration, with its aromatic rings implicated
in intramolecular stacking interactions. By contrast, in the
K103N mutant complex, due to the high flexibility of the mu-
tated enzyme, ETR appeared conformationally more opened,
thus allowing its aromatic moieties to be involved in additional
contacts with F227 and P236.

Examining the ETR-RT configuration in the presence of the
K101P substitution, the drug lacked crucial interactions with
K102, K103, L234, H235, P236 and Y318, decreasing its binding
affinity. The K101P destabilizing effect on the drug-enzyme
complex was associated with a lower number of van der Waals
contacts compared with the wild-type sequence, even if ETR
was able to establish three hydrogen bonds with E138 and
1180 (Figure S18 in the Supporting Information). In the L100I
ETR-RT global minimum complex, a decreased number of fa-
vorable interactions between the inhibitor and K101, E138,
1180 and Y181 was observed. In particular, the reduced E138
van der Waals network contributed to the destabilization of
the DAPY inhibitor in the NNRTI binding pocket. Furthermore,
K102, L234 and Y318 residues were missing in this configura-
tion with a subsequent unfavorable binding affinity profile.

Conclusions

Non-nucleoside reverse transcriptase inhibitor (NNRTI) resist-
ance mutations have been shown to either directly hinder
drug binding to the pocket by altering the size, shape, and po-
larity of different parts of the NNRTI binding site or to indirect-
ly prevent access to the pocket. However, some of the most
clinically relevant substitution mutations have also been found
to influence reverse transcriptase functions other than DNA
polymerization. Here, we applied a computational protocol to
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combinations of mutated and wild-type RT sequences and
three approved NNRTIs with the aim to combine structural and
thermodynamic data with relevant clinical results. Resistance,
expressed as a Z-score index, was related to interaction free
energies in the fully optimized ensembles. Several structural
features resulted useful in rationalizing most of the clinical ob-
servations related to resistance development. Such an ap-
proach can be adopted to obtain additional information for
the rational design of novel NNRTIs active against resistant RT
mutants. The encouraging results obtained in our preliminary
study have motivated us to extend our analysis to include a
larger set of RT-NNRTI complexes and eventually to apply this
computational strategy to other enzymatic targets subjected
to resistance-inducing mutations. The results of these ongoing
studies will be reported in due course.

Experimental Section
Clinical methods

For this study, conducted in different clinical departments in cen-
tral Italy, we analyzed 1273 pol sequences from 697 HIV-1 subty-
pe B patients failing for the first time an antiretroviral regimen con-
taining at least one NNRTI: specifically, EFV (n=647), NVP (n=568)
and ETR (n=50). Data for all patients were stored in a specifically
designed anonymous database that included genotypic, demo-
graphic, immunologic, virologic and therapeutic parameters.

HIV sequencing: HIV genotype analysis was performed on plasma
samples by means of a commercially available kit (ViroSeq HIV-1
Genotyping System, AB Pharmaceuticals, LLC, Chesterfield, MO,
USA). Briefly, RNA was extracted, retrotranscribed by murine leuke-
mia virus (MULV) RT, and amplified with AmpliTaq Gold polymerase
using two different sequence-specific primers for 40 cycles. Pol-am-
plified products (containing the entire protease and the first 320
amino acids of the RT open reading frame) were full-length se-
quenced in sense and antisense orientations using seven different
overlapping sequence-specific primers by an automated sequencer
(ABI 3100). Sequences having a mixture of wild-type and mutant
residues at single positions were considered to have the muta-
tion(s) at that position. The isolates were subtyped by comparing
them to reference sequences of known subtype.?”

Statistical analysis

Mutation prevalence: We calculated the prevalence of mutations
known to give resistance to the NNRTI in isolates from patients fail-
ing their last treatment regime containing a given NNRTI: namely,
EFV (n=647), NVP (n=568) and ETR (n=>50).

Mutation co-variation: We exhaustively analyzed patterns of pair-
wise interactions among mutations associated with NNRTI treat-
ment. Specifically, for each pair of mutations and corresponding
wild-type residues, a Fisher's exact test was performed to assess
whether co-occurrence of the mutated residues differed signifi-
cantly from what would be expected under an independence as-
sumption. The Benjamini-Hochberg method was used to correct
for multiple testing at a false discovery rate of 0.01. Samples
having a mixture of two or more mutations at a given pair of posi-
tions were ignored in calculating the co-variation due to the im-
possibility of identifying whether these mutations are indeed locat-
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ed in the same viral genome. We performed this analysis in the
EFV (n=647) and NVP (n=568) patient subsets.

Cluster analysis: In order to identify and summarize higher order in-
teractions of mutations, we transformed the pair-wise phi correla-
tion coefficients into dissimilarity values. Based on these pair-wise
dissimilarity values, a dendrogram was computed by hierarchical
clustering. Finally, the stability of the resulting dendrogram was as-
sessed from 100 bootstrap replicates. The details of this explorative
data analysis procedure have been described in detail else-
where.°*? Briefly, the transformation from phi coefficients to dis-
similarity values was done by mapping phi=1 (maximal positive
association) to dissimilarity =0, and phi=—1 (maximal negative as-
sociation) to dissimilarity =1, with linear interpolation between the
two. The dissimilarity of mutations at the same position was left
undefined; as such, pairs never co-occur in a single sequence
(except from mixtures) and would lead to artifacts in the resulting
dendrogram. The resulting partial dissimilarity matrix was then
used as input for average linkage hierarchical agglomerative clus-
tering, and undefined dissimilarity values were ignored in comput-
ing average dissimilarities between clusters. In order to assess the
stability of the resulting dendrogram, confidence values for all sub-
trees in the dendrogram were computed by 100 replicates of the
clustering procedure on sequence sets bootstrapped from the two
sets of sequences. For instance, a bootstrap value of 1 for an edge
in the dendrogram means that the set of mutations in the induced
subtree occurs as a subtree in all dendrograms from the different
bootstrap replicates. Thus, higher bootstrap values indicate that
the association of mutations into a group is not due to sampling
bias. Finally, we also examined the extent to which the NNRTI-se-
lected mutations co-varied with mutations at 18 NRTI resistance
positions.®” Sequences were analyzed using the same methods de-
scribed for assessing co-variation within the NNRTI mutation data-
set.

Computational methods

Association with phenotypic NNRTI susceptibility: We measured the
impact of EFV and NEV resistance mutations in multivariate compu-
tational models for predicting phenotypic resistance from geno-
type. In contrast to the univariate setting, multivariable analyses
allow the assessment of the impact of mutations relative to other
mutations. Specifically, we analyzed the support vector regression
(SVR) models used in the geno2pheno web-based prediction ser-
vice,**¥ by exploiting the bilinearity of the kernel used in geno2-
pheno, according to the method described in the literature.®"*"
These models are based on approximately 850 matched geno-
type—phenotype pairs derived from another recombinant assay.”

Structural analysis and docking simulations: For all studied NNRTIs,
the analyzed mutant models were built from crystallographic data
by replacing residues. Each complex was then placed in a cubic
cell with size adjusted to maintain a minimum distance of 10 A to
the cell boundary and soaked with a pre-equilibrated box of water
using the System Builder module of the Desmond package.” All
overlapping solvent molecules were removed and an appropriate
number of counter ions were added to maintain charge neutrality.
In order to optimize the geometries, all complexes were energy
minimized using OPLS 2005 as the force field,*® a steepest descent
algorithm with a maximum of 200 steps and a convergence thresh-
old of 1.0 Kcalmol™'A~",

In order to evaluate the reliability of the minimization procedure,
we superimposed our generated optimized models on the related
experimentally determined crystallographic mutant structures. In
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particular, for both NVP and EFV in complex with mutated RT, we
considered K103N and Y181C mutant enzyme crystal structures
with the PDB®¥ ID codes 1FKP*® and 1JLB" for NVP, and 1IKVE®
and 1JKH™ for EFV. Due to the poor availability of ETR-RT crystal
structures, we only took into account the K103N mutated com-
plexes, with PDB codes 1V5"® and 3MED.*® The obtained RMS
values, calculated on the enzyme Ca atoms, are reported in
Table S2 in the Supporting Information. Moreover, the RMS values
calculated in the NNRTI binding pocket considering all residues
within 15 A from the inhibitor and including the side chains also,
are showed in Table S3 in the Supporting Information.

AutoDock Vina™*' redocking simulations were performed with the
aim to validate the docking application. For each analyzed inhibi-
tor, we selected two PDB co-crystal structures considering both
wild-type and mutated sequences, and we superimposed the best
poses, relative to the reference crystal structures, generated by
docking. In these calculations, we selected wild-type and mutated
structures of RT co-crystallized with NVP, EFV, ETR, RPV and LSV,
with PDB codes TVRT,"" 2HNY,®" 1IKW,2> 1JKH,™ 3MEC,5? 1v5,18
3MEE,® 3MEG,® 2WON®® and 2WOM,? respectively. The RMS
values, calculated considering the analyzed ligands C sp%/sp?
united atoms, are indicated in Table S4 in the Supporting Informa-
tion.

Moreover, cross-docking calculations were carried out. In cross-
docking simulations, the ligand is docked to a receptor conforma-
tional state co-crystallized with a different ligand. For the five pairs
of ligand-receptor complexes, we docked each of the ligands to
the receptor structure co-crystallized with the other NNRTI (Figur-
es S11-515 in the Supporting Information). In both redocking and
cross-docking calculations, the graphic interface AutoDockTools
(ADT) was used to manipulate the models and to perform input/
output procedures. After removing the experimentally complexed
ligands, the targets were converted into the “Protein Data Bank-
like file format with charges and atom types” (PDBQT) format by
the ADT program. The procedure was repeated for both the recep-
tor and the ligands using Gasteiger PEOE partial charges.®” This
method applied a Lamarckian model of genetics generating 100 al-
lowed configurations per ligand. The search space was defined as
a cubic box of 8000 A* centered on the p66 L100 side chain. For
our simulations, the exhaustiveness setting was increased to 128.
After the validation of minimization and docking procedures start-
ing from the energy optimized geometry, all the analyzed com-
plexes were submitted to AutoDock Vina™' docking simulations
using the same protocol mentioned above. The first step of the
computational work was to select appropriate structures of the en-
zymes from the PDB.** For our analysis, PDB entries 1VRT™
TIKWE and 1V5"® were considered for RT co-crystallized with NVP,
EFV and ETR, respectively. The LigPlot program®®® was used to iden-
tify the most relevant interactions between the NNRTIs and both
RT subunits. All three-dimensional figures were prepared using
PyMOL graphics and modeling package version 0.99.%4 All calcula-
tions were performed on a Linux cluster with 16 dual-Xeon pro-
cessor nodes.
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