Virus Research 274 (2019) 197778

Contents lists available at ScienceDirect

RESEARCH

Virus Research

journal homepage: www.elsevier.com/locate/virusres

Check for
updates

A novel molecular mechanism to explain mutations of the HCV protease
associated with resistance against covalently bound inhibitors

a,c

Leonardo Nazario de Moraes”, Rejane Maria Tommasini Grotto™, Guilherme Targino Valente™“,
Heloisa de Carvalho Sampaio”, Angelo José Magro™™“, Lauana Fogaca™’, Ivan Rodrigo Wolf,
David Perahia®, Giovanni Faria Silva®, Rafael Plana Sim&es™™*

2Sao Paulo State University (UNESP), School of Agriculture, Department of Bioprocess and Biotechnology, Avenue Universitdria, 3780, Botucatu, SP, Brazil
Y Sao Paulo State University (UNESP), Medical School, Blood Center, Avenue Prof. Mdrio Rubens Guimardes Montenegro, s/n, Botucatu, SP, Brazil

€ Max Planck Institut for Heart and Lung Research, Ludwigstraf8e 43, 61231, Bad Nauheim, Germany

4Sao Paulo State University (UNESP), Institute of Biosciences, Street Prof. Dr. Anténio Celso Wagner Zanin, 250, Botucatu, SP, Brazil

© Ecole Normale Supérieure Paris-Saclay, Laboratory of Biology and Applied Pharmacology, Cachan, 94235, France

ARTICLE INFO ABSTRACT

Keywords: NS3 is an important therapeutic target for direct-acting antiviral (DAA) drugs. However, many patients treated
HCV with DAAs have unsustained virologic response (UVR) due to the high mutation rate of HCV. The aim of this
Direct-acting antiviral work was to shed some light on the puzzling molecular mechanisms of the virus’s of patients who showed high
Boceprevir viral loads even under treatment with DAA. Bioinformatics tools, molecular modelling analyses were employed
Tre,atment fallur-e L to identify mutations associated with HCV resistance to boceprevir and possible structural features related to this
Resistance associated substitutions . . N . i .
phenomenon. We identified two mutations of NS3 that may be associated with HCV resistance: D168N and
L1531. The substitution D168N was previously reported in the literature as related with drug failure.
Additionally, we identified that its molecular resistance mechanism can be explained by the destabilization of
receptor-ligand hydrogen bonds. For the L1531 mutation, the resistance mechanism is different from previous
models reported in the literature. The L153I substitution decreases the S139 deprotonation susceptibility, and
consequently, this mutation impairs the covalent binding between the residue S139 from NS3 and the electro-
philic trap on boceprevir, which can induce drug failure. These results were supported by the time course
analysis of the mutations of the NS3 protease, which showed that boceprevir was designed for enzymes with an L
residue at position 153; however, the sequences with 1153 are predominant nowadays. The results presented
here could be used to infer about resistance in others DAA, mainly protease inhibitors.

1. Introduction harbours a triad composed of coordinated amino acid residues H57,

A81 and S139, which are an essential part of the NS3 catalytic site (Kim

Chronic hepatitis C is characterized by a progressive infection
caused by the hepatitis C virus (HCV). 7 genotypes (from 1 to 7) and 67
subtypes of HCV have been identified, highlighting the genetic varia-
bility of this virus (Halfon and Locarnini, 2011; Simmonds et al., 2005;
Smith et al., 2014). In addition, (Borgia et al. (2018)) recently reported
the circulation of a newly identified HCV lineage in the Indian sub-
continent, which was characterized as genotype 8.

The serine protease NS3 is an HCV enzyme that presents a chymo-
trypsin-like fold with a C-terminal domain containing a six-stranded f3-
barrel and an N-terminal domain with eight B-strands (Kim et al.,
1996). Separating these two f3-barrel domains is a deep crevice that

et al.,, 1996). NS3 serine protease is responsible for the cleavage of
polyproteins and the release of individual proteins that compose the
HCV viral RNA replication machinery (Kim et al., 1996; Penin et al.,
2004); therefore, it is an important biological target for antiviral drugs
such as boceprevir and telaprevir (Morales and Aguado, 2012).
Boceprevir (a substrate-like inhibitor), combined with Peginterferon
alfa-2a and ribavirin, was the first combined therapy with DAA used to
chronic hepatitis C treatment, indicated for the treatment of HCV
genotype l-infected chronic patients (Venkatraman, 2012). The che-
mical kinetics of the boceprevir inhibition mechanism involves two
steps: firstly, the stabilization between the inhibitor and NS3 by
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hydrogen bonds, followed by a second step involving a nucleophilic
attack triggering the formation of the covalent and reversible bond
(Howe and Venkatraman, 2013). This second step is only possible due
to the presence of an electrophilic trap, or ‘warhead,” in the boceprevir
molecular structure that makes possible the covalent binding of this
inhibitor to the NS3 amino acid residue S139, which is part of the
conserved catalytic triad of the serine protease.

Regarding therapeutics, NS3 mutations can confer HCV drug re-
sistance since amino acid substitutions potentially affect substrate
specificity and/or induced-fit binding. Currently, the literature reports
some mutations that can be related to the high HCV resistance to pro-
tease inhibitors. (Shiryaev et al. (2012)) have shown that the most
common mutations associated with viral resistance in NS3 are V36M,
R155K, A156T, D168A and V170A, among which the mutations V36M,
R155K, A156T and V170A are related to the reduced sensitivity of
boceprevir. (Halfon and Locarnini (2011)) also identified the following
mutations associated with boceprevir resistance in HCV: V36A/M,
T54A, V55A, V70A, R155K/T/Q and A156V/T/S. Additionally,
(Coppola et al. (2016)) listed new mutations associated with boceprevir
resistance, such as V36L, T54S, V1071, R155C, V1581 and D168N. Re-
cently, the NS3 variant 174H was identified as potentially related to the
protease inhibitors (PI) resistance, without any explanation of the
molecular mechanisms of the resistance (Cuypers et al., 2017).

The understanding of HCV genotypic drug resistance remains a
challenge, especially in patients who previously failed under direct-
acting antiviral DAA therapy and need to be retreated with a second
DAA-based regimen. Given the importance of HCV resistance against
antiviral drugs, we analysed plasma samples from chronic hepatitis C
patients to detect NS3 mutations related to boceprevir resistance and
identified new amino acid substitutions associated with this viral phe-
notype. Moreover, based on molecular dynamics simulations and
quantum mechanics features, we also proposed a novel molecular me-
chanism that could explain the structural basis of boceprevir resistance
induced by a specific kind of mutation.

2. Materials and methods
2.1. Experimental group

Plasma samples were collected from 31 chronic hepatitis C patients
infected with genotype 1 HCV under medical supervision at the Hepato-
Hemocenter Outpatient Clinic of the Medical School Clinics Hospital,
UNESP, Botucatu/SP, Brazil. All patients included in this study were
under regular treatment with the protease inhibitor boceprevir. Out of
this experimental group, 22 did not have a sustained virologic response
(no SVR) and 9 presented with a sustained virologic response (SVR).
Patients younger than 18-years-old, pregnant women, patients coin-
fected with other viruses, or patients with any other pathology of he-
patic aetiology were not included in the experimental group. This study
was approved by the Research Ethics Committee of Botucatu Medical
School, UNESP (Document number 1.440.367). Written informed con-
sent was obtained from each patient included in the study. The study
protocol conforms to the ethical guidelines of the 1975 Declaration of
Helsinki as reflected in a priori approval by the institution's human
research committee.

2.2. Molecular biology analyses

Viral RNA extractions were performed from frozen plasma using the
QIAamp® Viral RNA Mini Kit (Qiagen, USA) following the manu-
facturer’s instructions. The cDNA synthesis was performed in a 20 pL
reaction using a High-Capacity ¢cDNA Reverse Transcription Kit
(ThermoFisher, USA). Ten microliters of extracted RNA were added in
1X RT Buffer, 10 mM dNTPs, 1X random primers and 50 U MultiScribe™
Reverse Transcriptase. The cDNA reaction was incubated at 25 °C for
10 min, 37 °C for 2h and then at 85 °C for 5min. The amplification of
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the NS3 region was performed in two steps. First-round PCR was carried
out with 5pL of ¢cDNA, 0.2 uM of each specific primer to NS3 (F1 5-
GAR CCM GTC GTC TTC TCC-3’ and R1 5-TGG TGG ACA GAG CRA
CCT CCT-3"), 1 X PCR buffer, 1.5 mM MgCl,, 0.5 mM dNTPs and 0.5 U
Platinum™ Taq DNA Polymerase High Fidelity (ThermoFisher, USA) in
a 25 L reaction. The amplification was carried out at 94 °C for 5 min,
followed by 35 cycles at 94 °C for 30s, 54 °C for 30s, 72 °C for 1 min,
and final extension at 94 °C for 5min. The second step (Nested-PCR)
was performed using the same protocol as the first-round PCR, except it
contained 5 pL of the amplified product in the first-round PCR and NS3
nested primers (F1 5’-GAR CCM GTC GTC TTC TCC-3’ and R2 5- GGT
RGA GTA CGT GAT GGG G-3’). Nested-PCR amplified products were
loaded into a 1% agarose gel electrophoresis assay and the band cor-
responding to the NS3 region was cut out and purified using the
Invisorb Fragment CleanUp kit (Invitek, USA) following the manu-
facturer’s instructions. Purified products sequencing was performed
using both primers of Nested-PCR and BigDye™ Terminator v3.1 Cycle
Sequencing kit (ThermoFisher, USA) on an ABI 3500 DNA analyser
(ThermoFisher, USA). Chromatogram quality and forward and reverse
sequence merging were performed using Geneious software.

2.3. Inference of mutations of NS3 associated with virus resistance

We performed phylogenetic inference, machine learning and selec-
tive pressure analysis to infer the NS3 mutations that may be associated
with the virus resistance.

A total of 3,681 sequences of NS3 domains from HCV genotype la
sequences were downloaded from NCBI; both nucleotides and amino
acids were accessed for each sample. Sequences <144 aa and those
with many ambiguities were deleted and further trimmed based on our
patients’ sequences. The trimmed sequences were aligned using
CLUSTAL OMEGA (Sievers and Higgins, 2014), and miss-aligned se-
quences were excluded. The CD-HIT (Huang et al., 2010) (identity 1, -G
no, -g 1, -b 20, -aL. 0.99, and -aS 0.99) were used to reduce re-
dundancies, generating a total of 647 sequences, and these were aligned
with the sequences of our patients using MUSCLE (Edgar, 2004). The
maximum likelihood tree was inferred using RAXML (Stamatakis,
2014) and implemented at CRIPRES Science Gateway (Miller et al.,
2010); this tree allowed us to rank the sequence ACA50657 (for the
nucleotide, EU482867) as an out-group to the selective pressure ana-
lysis.

The two amino acid sequences from each patient (one before
treatment and one after drug failure) were pairwise aligned using
MUSCLE (Edgar, 2004), and amino acid (aa) substitutions were listed
and checked concerning its selective pressure status in order to identify
the sites which are affecting the virus adaptability (or fitness) (Ali et al.,
2010). For this purpose, the whole set of nucleotide sequences of our
patients and the aforementioned outgroup were aligned using MUSCLE
(Edgar, 2004) and submitted to the selective pressure analysis using
Datamonkey (Delport et al., 2010). MEME was used to find directed
selection, and SLAC was used to find the codons, with both methods
using TrN as the evolutionary model (8th best ranked using the Jmo-
delTest with AIC).

The NS3 sequences of HCV from SVR and UVR patients were also
used as inputs for the machine learning (ML) analyses in order to find
patterns in alignment data. The nucleotides from NS3 sequences were
used as attributes and the virologic response of each patient was used as
the class (SVR and UVR). Thus, ML analysis was performed to identify if
any specific mutation (or a combination of mutations) could be asso-
ciated with virus resistance against the DAAs (Shen et al., 2016). ML
was performed using Weka (Han et al., 2011), applying the J48 algo-
rithm. The robustness of the network was evaluated by the area under
the ROC curve (AUC) obtained from the matrix of confusion for the
generated model.

The mutations identified as potentially associated with virus re-
sistance obtained by phylogenetic and/or ML analyses were selected for
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the subsequent analysis of this study.

2.4. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed, using the
crystallographic structure of the HCV NS3 protease domain complexed
with NS4A peptide and boceprevir (PDB ID: 20C8) (Prongay et al.,
2007). Each selected mutation from selective pressure and ML analysis
(V36M, Q80K, L1531, and D168N, further discussed) was built in a
different NS3/NS4A/boceprevir molecular complex using Charmm
software v.36b1 (Vanommeslaeghe et al., 2010; Brooks et al., 2009).
The PDB2PQR server (Dolinsky et al., 2004) was used to evaluate the
protonation states of the amino acid residues of each structure at pH
7.0. Previous pK, results described in the literature were also used,
especially those presented by Shiryaev et al., which show the NS3
protease presents two Zn*Z-coordination sites with three cysteines
(C97, C99 and C145) and one histidine (H149). The topology of these
modified residues was obtained from (Foloppe et al. (2001)), and the
CGenFF (Vanommeslaeghe et al., 2010) server was employed to de-
termine the topology of the boceprevir molecule.

Initially, all structures (each one containing one a specific mutation)
were energetically minimized and then submitted to a 100 ps-MD si-
mulation using the Charmm36 force field (Vanommeslaeghe et al.,
2010) in the presence of an implicit solvent, followed by steepest des-
cent (SD) and Adopted Basis Newton-Raphson (ABNR)-based energy
minimization (500 steps). Next, 100 ns-MD simulations under constant
temperature (T =300K) and pressure (1.0 bar) were performed, ap-
plying the Charmm36 force field with explicit solvent (TIP3P) in a
91 x 68 x 73A box. The stability analysis of the NS3/boceprevir
complex during the MD simulations were based on the length of the
hydrogen bonds between the drug and receptor.

2.5. Reactivity indexes

Analyses of the Condensed-to-atoms Fukui indexes (CAFIs) were
performed to verify the viability of the covalent binding between bo-
ceprevir and the amino acid S139 from the NS3 protease. The molecular
structure of boceprevir that was used for these analyses was obtained
from the ChemSpider repository (Boceprevir | C27H45N505 |
ChemSpider, 2019). The structure of the S139 residue was obtained
from the same PDB server previously cited (PDB ID: 20C8). The
covalent bonds between S139 and the other NS3 amino acids were
replaced by hydrogen terminals to promote the molecular stabilization
during the electron population analyses.

All the molecules were fully optimized via density functional theory
(DFT) calculations using Gaussian software (Frisch et al., 2016). Becke's
LYP (B3LYP) exchange-correlation functional and 6-31 G(p,d) basic
sets were employed. The polarizable continuum model (PCM) was used
to simulate the presence of the solvent at this stage.

The evaluation of molecular reactivity was accomplished by CAFIs.
The three distinct CAFIs can be defined as:
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50 =

where gk (N+1), gk (N) and gk (N-1) represent the electronic Hirshfeld
population on the k-th atom of anionic, cationic and neutral species,
respectively, of the studied compound (Cesarino et al., 2016; Donini
et al., 2018).

Y [qx (N+1) — qx (N-1)] for radical attack on atom k

2.6. Molecular clock and temporal analysis of the HCV mutations

For the molecular clock analysis, the nucleotide sequences of the
NS3 647 domain, selected as already reported, plus the sequences of our
patients were submitted to a phylogenetic inference, followed by a
molecular clock calculation. To estimate the molecular clock, the
BEAST (Drummond et al., 2012) software in the CIPRES Science
Gateway (Miller et al., 2010) was configured to use a starting UPGMA
tree topology and the general time reversible (GTR) substitution model
with 4 gamma categories plus invariant sites, as well as the un-
correlated relaxed clock model, for 100 million generations. Also, to
select the specific mutation sites of NS3, a new CD-HIT was performed
and 213 DNA sequences were used with five extra sequences:
DQ437509 (genotype 3a), DQ418785 (genotype 4), Y13184 (genotype
5a), DQ278892 (genotype 6), EF108306 (genotype 7a) downloaded
from NCBI database as outgroups. The molecular clock tree was vi-
sualized with Figtree v1.4.4.

For temporal analysis of the HCV mutations, the nucleotide se-
quences from NCBI were also used. In addition, all NS3 sequences were
obtained from the PDB for which the crystallography structures were
docked with any type of VHC inhibitor, resulting in a total of 82 se-
quences. The sequences were aligned using the same methodology
previously described. The inhibitors of each sequence were identified
and classified into three possible groups according their interaction
with NS3 protease: 1) inhibitors covalently bonded to residue S139
(referred to as ‘covalently bonded’ in the results section); 2) inhibitors
non-covalently bonded to residue S139 (referred to as ‘others’ in the
results section); and 3) inhibitors for which the chemical interactions
with NS3 are unknown or not well described in the literature (referred
to as ‘unknown’ in the results section).

3. Results and discussion
3.1. NS3 mutation selections

Sequencing of HCV revealed many mutations in the viral genome
isolated from patients that were unresponsive to boceprevir treatment.
Fig. 1 presents a map with all NS3 mutations of patients with UVR. A
number of those mutations were previously associated with boceprevir
resistance, but only a few had their resistance mechanism described in
the literature, which are explored in detail later. The resistance me-
chanism of the new mutations reported here was also explored. The
knowledge of possible mechanisms of resistance could lead to a better
understanding of the dynamic drug-enzyme interaction applied to other
DAAs.

The selective pressure analysis showed the V36M, Q80K, L1531 and
D168N mutations were neither positively nor negatively selected; thus,
we assumed them to be under neutral selection. Despite virus

Fig. 1. Map of variations in HCV NS3 protease
identified in patients that were unresponsive to
boceprevir treatment. The horizontal line re-
presents the amino acid sequence of the NS3
enzyme; the vertical lines and their numbers
indicate the position of each observed variant
compared to the reference (PDB ID: 20C8). The

fit = qx (N+1) — gx (N) for nucleophilic attack on atom k (€))
fi= = qx (N) — gx (N-1) for electrophilic attack on atom k
|] Mutations never before associated with resistance
I Mutations associated with resistance which the mechanism already reported
I Mutations associated with resistance without any mechanism reported
A V AA T T 1 Q i1 L R A D ) 5
7 36 3940 54 6164 80 98 153 155 156 168 183 189
T M TT N Sl K A [V N M [
il 01 [l 0 i 1 0B 1 1 il il
I L L L U 1) N | ) I

empty vertical lines indicate variants not as-

sociated with resistance, while the black variants are associated with resistance and the red variants are associated with resistance with the mechanism already
described. The first letter on each variant represents the NS3 sequence of the reference, while the last letter indicates the mutation identified here as unresponsive to

boceprevir treatment.
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experience strong selective forces, most of variations in virus genomes
are neutrally fixed in the population (Frost et al., 2018), and some re-
sistances of HCV to protease inhibitors exist in these genomes without
any selection prone to these mutations (Sanjuédn and Domingo-Calap,
2016). However, it is interesting to note that the V36M and D168N
mutations have been previously reported in the literature as being as-
sociated with drug resistance; however, only the V36M substitution has
had its molecular mechanism elucidated. Thus, the Q80K, L153I and
D168N mutations were selected for the molecular dynamics analysis.

Results from machine learning analysis revealed that three muta-
tions may be associated with drug resistance: T98A, R155K and, again,
the V36M mutation; the area under the ROC curve (AUC = 0.74)
supports this inference. Mutations R155K and V36M were already re-
ported in the literature as being associated with drug resistance. Thus,
the T98A mutation was also selected for MD simulations.

Taken together, the mutations Q80K, T98A, L153I and D168N were
selected for the MD simulations. For comparative purposes, the simu-
lations were also performed for the A156S mutation, a substitution
frequently associated with resistance to boceprevir.

3.2. Molecular modelling analyses

To guide the presentation and discussion of subsequent results, the
three-dimensional structure of the boceprevir molecule was referred to,
for which only the atoms that will be cited in this paper were identified
with labels (Fig. 2a). Fig. 2b shows the drug CAFIs (f*), which revealed
the electrophilic trap of this category of DAA (Venkatraman, 2012;
Howe and Venkatraman, 2013).

Table 1 shows the mean of the binding distances (and their re-
spective standard deviations) from MD simulations of hydrogen bonds
reported in the literature to stabilize the linker (boceprevir) to the re-
ceptor (NS3). The results are shown for the wild type, as well as the
A156S and D168N mutations. The enzymes with mutations Q80K,
T98A, L1531 did not present significant results (data not shown).

All hydrogen bonds between the receptor and the linker were stable
in the wild type, i.e., they fluctuated in an acceptable limit for a hy-
drogen bond. However, the hydrogen bonds are destabilized when the
enzyme was A156S and D168N mutated. The result for the A156S
substitution was expected, since its molecular resistance mechanism is
caused by the destabilization of hydrogen bonds between receptor and
linker as previously reported (Halfon and Locarnini, 2011). In addition,
here we propose that a D168N mutation results in a resistance me-
chanism similar to the A156S mutation, which was supported by the
results from MD simulations. In fact, the time course analysis of the
distance between the NE2 atom (from the amino acid H57) and the 033
atom (from boceprevir) revealed an unstable interaction between re-
ceptor and ligand when NS3 was A156S and D168N mutated (Fig. 3).

However, the stability of the hydrogen bonds between the drug and
the enzyme did not explain the resistance mechanism concerning the
other selected mutations (Q80K, T98A and L153I). This indicates that

Boceprevir

b) Io.zz

Virus Research 274 (2019) 197778

Table 1

Mean and standard deviations of the binding distances of hydrogen bonds to
stabilize the linker (boceprevir) to the receptor (NS3). For NS3, the atoms la-
belled were the same as those utilized in the PDB ID: 20C8. The * symbol
indicates destabilized hydrogen bond.

NS3 residue - Boceprevir Bond lenght @A)
atom atom
wild A156S D168N
T42-0 N36 337 + 031 293 + 022  3.03 * 0.22
H57 - NE2 033 3.49 + 0.29 3.95 + 0.69* 4.03 £ 0.53*
G137-N 035 2.90 + 015 2.87 + 0.15  3.06 * 0.22
S139 - N 035 3.34 £ 0.28 3.50 = 0.41 3.24 + 0.38
A157 -N 015 321 + 020 3.17 + 021 3.03 * 0.16
A157 -0 N3 3.05 + 0.18 3.25 = 0.24  3.12 * 0.20
A157 - O N8 297 + 0.14 299 = 0.16 294 + 0.14
Distance: H57 (NE2) - Boceprevir (033)
8 o T . T ¥ T ¥ T ¥
—-—D168N
—+—A156S
—-—WILD
<
[0
(&)
C
9
§7}
(a)

2+ T T T T T T v T
0

v 1
20 40 60 80 100
Time (ns)

Fig. 3. Distance between the NE2 atom from the H57 residue and the 033 atom
from boceprevir in the MD simulations. The results are presented for wild-type
NS3, A156S mutated and D168N mutated.

these mutations may impair the second stage of the chemical reaction
that stabilizes the drug at the catalytic site of the protease (the re-
versible covalent bond between amino acid S139 and atom C28 from
the drug). Thus, the results allow for the proposal of a novel mechanism
based on the viability of the covalent reaction between the electrophilic
trap of the boceprevir and the NS3 catalytic site.

The results from the reactivity indexes showed that the OG from
S$139 (in its protonated state) is not susceptible to an electrophilic at-
tack (f") (Fig. 4a). The deprotonation process on the OG atom of S139 is
required to allow the covalent bond to form between the receptor and
the ligand. The results also show the OG became the most susceptible

Electrophiliy\trap

Fig. 2. (a) 3D structure of the boceprevir molecule. The atom colours follow convention: carbon (green), hydrogen (light grey), nitrogen (blue) and oxygen (red). (b)
CAFIs (f") for boceprevir, in which the electrophilic trap is highlighted. f* colouration indicates the susceptibility of each atom to suffer a nucleophilic attack.
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HOMO

A

HOMO

Fig. 4. Condensed-to-atoms Fukui indexes (CAFIs) and HOMO representation for S139 (a) and deprotonated S139 (b) on the OG atom. f ~ colours indicate the

susceptibility of each atom to suffer an electrophilic attack.

atom to an electrophilic attack when the S139 become deprotonated
(Fig. 4b). The analysis of the highest occupied molecular orbital HOMO
of the amino acid molecule confirmed the susceptibility of S139 to an
electrophilic attack. It is possible to note the HOMO of S139 covers
almost all the molecule in the natural state, while the HOMO is con-
centrated on the atom OG on the deprotonated S139.

These results make evident that covalent binding only occurs in the
presence of deprotonated S139. In the wild-type molecule, this depro-
tonation process occurs due to a charge transfer between the residues
H57, D81 and S139, as represented in Fig. 5a. This mechanism was
previously reported for other types of serine proteases (Hedstrom,
2002). For wild-type NS3 and the Q80K and T98A mutations, the dis-
tance between the atoms of residues involved in this charge exchange
mechanism was consistent among the MD simulations to promote the
charge transfer (d,;q = 4.03A). However, we found that the L153I
substitution causes the distancing between the atoms from amino acids
S$139 and H57 (dpi53; = 5.72A), as can be seen in Fig. 5b, which may
decrease the probability of the S139 being deprotonated.

The results suggest that the L1531 mutation makes the deprotona-
tion process unfeasible and, consequently, it hampers the covalent bond
formation between the receptor and ligand, conferring resistance of
NS3 to this type of drug. In this way, the L153I substitution may de-
crease the sensibility of NS3 to boceprevir. Our hypothesis is supported
by the temporal analysis of sequences found on NCBI and PDB.
According to (Vivancos et al. (2018)), telaprevir and boceprevir, the
first DAAs used to treat chronic HCV, were initially administered in
2011. The timeline in Fig. 6 from NCBI shows that only L153 sequences
were available between 1991-2000. However, during the subsequent
periods (2001-2010 and 2011-2019), the pattern is opposite, in which
the number of L1531 sequences decreased to approximately 2% and the
number of sequences increased to approximately 98%. A similar pattern
was observed in the sequences obtained from PDB. During the period
between 2001-2010, most of the sequences had an L residue at position
153, and in the subsequent period, marked by the introduction of DAAs,
the pattern was the opposite. Interestingly, almost all NS3 enzymes
with the L153 residue found on PDB were covalently bound to its in-
hibitor, and this chemical interaction occurs specifically on S139.
Meanwhile, almost all inhibitors of 1153 proteases are not covalently
bound to S139. This information was also supported by the molecular
clock results (Supplementary File 1), in which the introduction of DAAs
had a clear effect on the evolution of the substitution of L153 to 1153.

4. Discussion

Our results revealed two mutations that may be associated with
HCV resistance to boceprevir drug treatment: D168N and L153I. Our
conclusions were based on the information that viral inhibition is car-
ried out in a two-step kinetic process: the initial inhibitor-binding
contact due to hydrogen bonds, followed by the stabilization of the
interaction by the covalent contact in the transitional state (Howe and
Venkatraman, 2013).

The D168N substitution triggered an NS3 resistance mechanism
similar to the ones previously reported in the literature (Halfon and
Locarnini, 2011; Meeprasert et al., 2014). This mutation interferes
during the first step of the inhibitor-binding contact. Some studies have
reported that the D168N substitution may be associated with drug
failure in VHC treatment (Coppola et al., 2016; Jiang et al., 2013;
Lontok et al., 2015), but the molecular mechanism of resistance was not
previously elucidated. Interesting, other mutations in the same position
(D168) have been associated with resistance to HCV inhibitory drugs
(e.g., simeprevir, paritaprevir, asunaprevir and vaniprevir), such as the
D168E/A/V/T/H/F/K/Y mutations (Halfon and Locarnini, 2011;
Coppola et al., 2016). Thus, the D168 position is a key site for viral
resistance against the action of antiretroviral drugs, in which a sig-
nificant diversity of mutations may cause drug failure during treatment.
In these cases, a substitution at the 168 position causes the loss of
chemical contacts (hydrogen bonds) and the resulting destabilization of
the NS3/substrate complex, which is considered the main molecular
basis for enzymatic inhibition (Halfon and Locarnini, 2011; Prongay
et al., 2007; Qiu et al., 2009). Furthermore, the results presented here
could be applied to infer about HCV resistance in patients using others
DAA, mainly, protease inhibitors.

In the L1531 mutation, we proposed a new molecular mechanism of
viral resistance. This new mechanism was related to a decrease in the
deprotonation probability of OG on S139 of NS3, which can stop the
second step of the boceprevir binding kinetic process. The NS3 protease
domain of HCV is a chymotrypsin-like serine protease (Kim et al., 1996;
Penin et al., 2004). In summary, a charge relay system is formed in
which the carboxylic group of D81 forms a hydrogen bond with NE1 of
H57 (Kim et al., 1996). This process increases the pK, value of the H57
side chain from 7 to about 12, increasing its protonation susceptibility
(Fersht and Sperling, 1973; Lin et al., 1998). Consequently, H57 de-
protonates the hydroxyl group of the S139 side chain, and a proton
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Fig. 5. (a) Schematic illustration of the S139 deprotonation process, where d
represents the distance between the NE2 atom from residue H57 and the OG
atom from residue S139. (b) Representation of the distance d between the NE2
atom and the atom OG along the MD simulations of NS3 in its wild type and
L1531 mutated. (c) Representation of the frequencies from the distance d values
between the NE2 atom and the atom OG along the MD simulations of NS3 in its
wild type and L153I mutated.
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shuttles to NE2 of H57 (Hedstrom, 2002). Then, the OG from S139
mounts a nucleophilic attacks against the carbonyl carbon of the sub-
strate's scissile bond, resulting in the formation of an oxyanion-con-
taining tetrahedral intermediate (Hedstrom, 2002; Raney et al., 2010;
Malcolm et al., 2006). At this point, protonated H57 acts as a general
acid, assisting in the collapse of the tetrahedral intermediate and the
cleavage of the substrate (Hedstrom, 2002; Raney et al., 2010). These
three amino acid residues are known as the catalytic triad and are
fundamental to the action of NS3.

Boceprevir acts by binding covalently and reversibly to the catalytic
triad (Malcolm et al., 2006). Thus, our molecular dynamics simulations
suggest that the presence of the L153I mutation changes the three-di-
mensional structure of NS3, which results in an increase of the distance
between the NE2 of H57 and OG of S139. This structural alteration
could impair the stability of the binding of the drug to the catalytic
triad (H57, D81 and S139). This resistance model is based on intrinsic
characteristics of the NS3 protein and, in this way, it can be extended to
any other drug that requires covalent binding to S139 for stabilization
of the complex receptor/ligand. In this context, in addition to the first
generation DAAs (boceprevir and telaprevir), our resistance model can
be extended to new generation drugs which covalently bond to NS3
protein, such as narlaprevir (Arasappan et al., 2010; Ashraf et al.,
2019). In addition, our data suggest that this mutation has been oc-
curing more frequently in the population after the year 2011, which
coincides with the beginning of the use of boceprevir as a treatment for
HCV (Vivancos et al., 2018). Thus, after the use of boceprevir, HCV
quasispecies may have caused genetic variability, which may have im-
pact on the use of other DAAs.

At the same time that the L153] mutation increases resistivity to
inhibition to boceprevir, it could decreases the catalytic efficiency of
HCV (Franco et al., 2008). In this way, some studies reported possible
correlations between the catalytic efficiency of the NS3 protease and its
responsiveness to DAAs (Rimmert et al., 2014; Imhof and Simmonds,
2011). Kramer et al. (Kramer et al., 2014) showed by molecular dy-
namical simulations that the distance between the catalytic triad re-
sidues (H57, A81 and S139) could be related to altered catalytic activity
and drug susceptibility seen in NS3 proteases. These previous results
support the model proposed in our study, in which also was observed
that the L153I substitution causes instability (i.e., the increasing in the
distance between NE2 of H57 and S139) in the catalytic triad of the
NS3.

The results from the time course analysis of NS3 mutations (espe-
cially the results from the PDB) show that the drugs that covalently bind
to the S139 residue were developed considering an NS3 molecular
structure containing the L153 residue. This occurred because most of
the crystallographic structures available in PDB during the develop-
ment of DAAs such as boceprevir (2001-2010) had an L residue at
position 153. However, the 1153 residue is currently predominant in the
NCBI and PDB both databases. Thus, nowadays HCV has low sensitivity
to this type of drug, and these data could explain why boceprevir is no
longer efficient in chronic hepatitis C therapy. In this way, our results
may help to guide a safe and effective use of DAAs. Some studies have
shown a low genetic barrier to resistance and extensive drug—-drug in-
teractions (Clark et al., 2019; Gonzélez-Colominas et al., 2019). Thus, a
deeper understanding about the virus-drug interactions are extremely
important to develop new HCV protease inhibitors.

5. Conclusion

Two mutations were identified that may be associated with HCV
resistance to boceprevir drug treatment: D168N and L1531.

The D168N substitution on NS3 induces UVR, according to a mo-
lecular resistance mechanism that was already explained in the litera-
ture, characterized by the destabilization of hydrogen bonds between
the receptor and the ligand.

Our analyses also showed that the covalent binding between the
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Fig. 6. Timeline of the percentage of NS3 sequences in NCBI with the L residue at 153 position. The percentage was determined by calculating the number of

sequences with an L residue at position 153 out of the total number of sequences.

S139 residue of NS3 and the electrophilic trap on boceprevir is crucial
for the stabilization of the inhibitor—protease and, consequently, for the
drug inhibitory activity. The viability of this covalent binding is directly
correlated with the probability of the S139 being deprotonated.
Therefore, we found that the L1531 mutation decreases the S139 de-
protonation susceptibility and induces viral resistance to the drug
treatment. In this sense, we propose this new mechanism of HCV re-
sistance to explain cases of UVR in patients treated with boceprevir or
any other drug which covalently binds to S139.

The data presented here could be a guide to infer about HCV qua-
sispecies circulating after selective pressure of boceprevir and a model to
explain resistance models to others DAAs.
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