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Dengue virus (DENV) has been characterized as having great clinical importance in the world, 
as there is no specific treatment against this virus. The NS2B-NS3pro complex is essential for the 
replication and maturation of DENV and is a potential pharmacological target. The present study 
aims to evaluate and understand the interactions and affinities (via molecular docking/AutoDock 
Vina) of 16 peptidomimetic derivatives applied to a NS2B-NS3pro DENV-2 complex constructed 
by homology modeling (via SWISS-MODEL). Two compounds were selected as potential 
inhibitors of this protein complex. In addition, these compounds possess important interactions 
involving Ser135, Gly169 and Tyr161, which have been described previously to be fundamental 
to the recognition of inhibitors directed to this receptor. Thus, the involvement of these residues 
is significant pharmacologically because they may contribute to the inhibitory action of this 
molecular target against DENV.
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Introduction

Dengue fever affects approximately 390 million people 
annually, with higher prevalence in tropical and subtropical 
regions.1 Dengue virus (DENV) belongs to the genus 
Flavivirus and Flaviviridae families and is transmitted 
by the bite from female mosquitoes of the genus Aedes 
and species A. albopictus and A. aegypti.2 Currently, there 
is no specific therapy available against DENV; however, 
palliative treatments to circumvent symptoms caused by 
the disease are available. DENV has four antigenically 
distinct serotypes (i.e., DENV1-4), which makes it difficult 
to develop an effective vaccine.2-4

The viral RNA encodes 10,173 nucleotides that are 
translated into a polyprotein. This protein is then cleaved 
by viral and cellular proteases, culminating in the release of 
three structural proteins (i.e., capsid (C), precursor membrane 
protein (prM) and envelope (E)) and seven nonstructural 

proteins (i.e., NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
NS5).2,5 The serine protease called NS2B-NS3pro DENV has 
considerable genetic similarity with the analogous West Nile 
virus (WNV) protease.6 This protease complex is directly 
related to replication and maturation of the virus, and it thus 
represents a promising molecular template for the treatment 
of these two pathogens.5-7

The N-terminal region of NS2B-NS3pro has 187 
amino acids and the catalytic triad His51-Asp75-Ser135 
constitutes the active domain of the serine protease, which is 
essential for cleavage of the viral polyprotein.6,8 Its catalytic 
mechanism involves the nucleophilic attack of the oxygen 
from the serine hydroxyl group and the electrophilic carbon 
of the peptide bond to be cleaved.6,9-11 Erbel et al.6 identified 
important residues for inhibitor recognition in NS3pro such 
as Gly151, Gly153 and Tyr161. Regarding the organization 
of the flaviviral active site, Aleshin et al.12 demonstrated 
that a precise spatial arrangement is required to enhance 
the nucleophilicity of the serine hydroxyl group present in 
the His-Asp-Ser catalytic triad. Furthermore, the ‘‘oxyanion 
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hole’’ is stabilized by Ser hydroxyl H-bonds to the His 
imidazole, which in turn H-bonds to the Asp carboxyl 
group.12 Consequently, a tetrahedral intermediate is formed 
and stabilized by hydrogen bonds involving Gly151 and 
Ser135, which comprise the oxyanion pocket.10 Thus, an 
inhibitor that is able to interact with these amino acid 
residues represents a potential candidate for the inhibition 
of the serine protease. The positions of the inhibitor P1, 
P2, P3 and P4 are related to the pockets S1, S2, S3 and S4 
in this receptor, respectively.6,11-13

Pharmacologic therapy is absent for Dengue fever. 
Several research groups have begun medicinal chemistry 
projects using rational approaches. Thus, drug development 
efforts have increased considerably.11,13-18 Theoretical 
approaches in this regard include several methodologies, 
such as homology modeling,19 virtual screening,20,21 
molecular docking,22-25 molecular mechanics (MM) and 
quantum mechanics/molecular mechanics (QM/MM).26-33  
Homology modeling, or comparative modeling, aims to 
build three-dimensional models of a protein (target). The 
target sequence is compared with a similar protein (template) 
whose structure has been determined experimentally.19 
Then, a structural alignment tool is used to construct 
the model.27 After the model is developed, refined and 
evaluated, methodologies such as molecular docking and 
virtual screening can be performed to determine new lead 
compounds.21,23,28,30

Generally, the 3D structure of a molecular template 
directs the molecular docking simulations.21 Docking 
methodologies consist of a computational resource that 
attempts to predict the non-covalent interactions between 
the macromolecules (receptors) and small molecules 
(ligands) at the active site. Further, they aim to evaluate 
the bound conformations and binding affinities. As a result, 
docking is able to rank the ligands through electrostatic 
and van der Waals forces.20,22 Currently, this methodology 
is considered to be a high performance tool to search for 
an appropriate ligand in a set of thousands of compounds 
(virtual screening, VS)34 or to find a molecular template 
for a specific ligand (inverse virtual screening).35 Such 
docking simulations can be performed using rigid or 
flexible approaches. In the former case, all rotatable 
bonds of the molecular template are kept rigid, whereas 
the rotatable bonds of the ligand are free to adjust to the 
binding site. In contrast, flexible docking permits the side 
chains of selected amino acids and the ligand to be fully 
rotatable. In general, docking simulations are performed 
using the rigid approach. Therefore, as expected for a 
screening tool, false positives can frequently occur during 
the simulations.22 Thus, more accurate methodologies, such 
as molecular dynamics simulations (MD) or combined 

quantum mechanics and molecular mechanics (QM/MM), 
must be used to refine and evaluate the docking results to 
obtain more reliable results.30,36

Another challenge for molecular docking methodologies 
concerns predicting the role of water molecules at the 
protein-ligand interface, which are neglected in most 
protocols.37 The water molecules can increase the stability 
of the system and act as a competitive agent in the formation 
of the ligand-receptor complex. Hence, molecular docking 
simulations with water molecules in the active site may also 
lead to more reliable results.37,38

This paper aims to construct a 3D model of NS2B-NS3pro 
DENV-2 for the analysis of potential inhibitors belonging to 
the class of peptides that possess a Bz-Nle-Lys-Arg-Arg-H 
prototype inhibitor and other compounds that may interact 
with the receptor constructed for DENV-2.

Methodology

Comparative modeling

Initially, the structure of DENV-2 complexed with 
an inhibitor was constructed by the homology modeling 
method.19 A 3D model of the NS2B-NS3pro DENV-2 
complex was constructed using the Deep View software38 
using two three-dimensional structures of NS2B/NS3 
serine proteases available in the Protein Data Bank (PDB): 
DENV-2 (2FOM) and WNV (2FP7).6 We note that the 
latter protease is complexed with the inhibitor tetrapeptide 
Bz-Nle-Lys-Arg-Arg-H.15

The alignments of these sequences were performed 
using the CLUSTALW software program.39 The atomic 
coordinates of the peptide inhibitor Bz-Nle-Lys-Arg-Arg-H 
and 13 water molecules were transferred from 2FP7 to 
construct a model of DENV-2.6,19 The water molecules 
were selected from the molecular template using a radius 
of 8 Å from the residues of the catalytic triad. Then, the 
model was optimized by MM using the ff03ua force field in 
a generalized Born model.40-43 The model was optimized by 
MM in 2,000 and 13,000 cycles using the steepest descent 
and conjugate gradient algorithms, respectively. A cutoff 
value of 14 Å was used. All calculations were performed 
using the Sander algorithm implemented in AMBER 11.44-46 
Finally, the quality of the model was evaluated via the 
PROCHECK software program.47

The change in the numbering shown for the catalytic 
triad of the constructed NS2B-NS3pro DENV-2 model 
compared with that described in the literature (i.e., His57, 
Asp102, Ser195 to chymotrypsin) results from the different 
compositions and sequences of these serine proteases 
(His51-Asp75-Ser135).6,9
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Molecular docking

The re-dock calculation was performed using the 
three-dimensional model NS2B-NS3pro DENV-2 with 
some associated water molecules.37 Calculations of 
the root-mean-square deviation (RMSD) and the 2D 
pharmacophoric diagram of the receptor-ligand interactions 
were performed by the Discovery Studio Visualizer 3.1 
software program.48 In addition, the presence of selected 
amino acid residues in the active site of this molecular 
template and related residues in WNV6 were identified 
through their interaction between D1 tetrapeptide and 
NS2B-NS3pro DENV-2.

The structures of the investigated peptides (Figure 1) 
were obtained from a previous report11 and generated 
using the GaussView 5.0 software program.49 Compounds 
with basic functional groups were kept in their protonated 
forms.50 These peptides were refined by the AM1 semi-
empirical method as implemented in the Gaussian 9 
software program. Biological systems can be satisfactorily 
evaluated using the semi-empirical AM1 method, because 
it uses Gaussian functions that circumvent problems 
associated with its design, such as the evaluation of 
hydrogen bonding. Furthermore, it has experimental 
parameters for the elements H, C, N, O, F, Al, Si, P, S, Cl, 
Zn, Ge, Br, I, and Hg.49-51

A rigid molecular docking methodology was 
performed to determine the ligand-receptor affinity and 
the pharmacophore conformation. The region for the 
docking process was established using a grid box centered 
on the catalytic triad His51-Asp75-Ser135. The region was 
chosen such that it could enclose the entire binding site and 
the evaluated compounds (i.e., coordinates x = 20.077 Å, 
y = 43.838 Å, z = −0.873 Å with the edge set to 1 Å and 
30 × 24 × 30 Å by the AutoDock Tools). Subsequently, 
molecular docking was performed using AutoDock Vina 
1.5.4.22,24 To refine the three-dimensional model, all 
complexes obtained by molecular docking were minimized 
using the same parameters described previously.40-42 
Finally, the calculations of the relative energies from 
the molecular docking and QM/MM calculations were 
performed by subtracting the value of D1 from the complex 
energy for each peptide (Relative energy = Epeptide − ED1).52 
Thus, negative and positive values indicate smaller and 
higher affinities, respectively, for NS2B-NS3pro DENV-2 
compared with D1.

QM/MM minimization

QM/MM methods are an important tool to evaluate 
compounds of pharmaceutical interest because they 

combine the accuracy of quantum chemistry with the speed 
of and molecular mechanic, thereby minimizing the overall 
computational costs for each independent analysis.31,53 
However, this hybrid method requires a force field that 
is specific for the QM portion and it must be sufficiently 
flexible so as not to polarize the MM regions, which might 
compromise the integrity of the simulations.53

All complexes obtained by molecular docking were 
refined using the Sander algorithm as implemented in the 
AMBER software package and employed the steepest 
decent (SD) and conjugate gradient (CG) algorithms.50 The 
implicit solvent generalized Born (GB) model, with the 
IGB flag equal to 1, was selected to perform the QM/MM 
calculation. This method uses standard equations for the 
GB model to solve the Poisson equation using the default 
radii established by LEaP.54,55 The molecular mechanics 
calculations used the ff03ua force field40,41 and the semi-
empirical method AM150 for the quantum mechanics 
calculations.28,30

The QM/MM minimization was performed for 5000 
cycles using the CG algorithm. The ligand and the rest 
of the molecule were defined in QM and MM regions, 
respectively. The cutoff values used for the interaction of 
the atoms not contained in the MM and QM/MM regions 
were set to 14 and 20 Å, respectively. In addition, the 
conserved water molecules of the binding site were kept 
present, forming a hybrid solvent model. On the basis of the  
QM/MM simulations, the relative energy of each compound 
was calculated using E = Ecomplex − Eprotein − Eligand.52

Results and Discussion

Comparative modeling

The CLUSTALW program39 indicates that the sequence 
alignment between 2FOM and 2FP76 for the target and 
template proteins share 45% sequence identity (Figure 2). 
We note that the amino acid residues present in the catalytic 
triad are conserved in both structures. Because the threshold 
value for the construction of a model is 30%,19 the 45% 
sequence identity between 2FOM and 2FP7 indicates that 
the generated model is amenable for molecular docking 
studies. Additionally, the binding site remains conserved, as 
highlighted in Figure 2. The His51-Asp75-Ser135 catalytic 
triad together with Gly151 are important residues present 
in the oxyanion pocket.6,10

The RMSD value is 0.80 Å for the overlap of the 
α-carbons of the NS2B-NS3pro complex obtained from 
2FOM (DENV-2 without ligand), 2FP7,6 and the three-
dimensional model constructed for DENV-2 (Figure 3). 
This value indicates a good superposition between the 3D 
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residues are the most favored and allowed conformations, 
respectively. Only 2.8 and 1.4% of the 187 amino acids in 
the present conformation are tolerated and unfavorable, 
respectively.47 The residues in the unfavorable region 
(i.e., Gln35 and Glu91) are not present in the binding 
and catalytic site of this protease, which may arise from 
regions not being conserved between the available primary 
sequences. In addition, each residue contributes differently 
to the tridimensional structure in a manner that is directly 
related to factors such as stereochemistry, which can 
affect the torsions shown in the 3D model. Hence, these 
results do not affect the consequent interactions of this 
molecular template. The quality of the Ramachandran 
plot generated for the DENV-2 model was validated by 
evaluating the percentage of the protein residues that are 
in more favorable regions. We note that the quality was 
within the range expected by the internal quality control 
PROCHECK program (Figure 4C). To compare the 
model and crystallographic structures, a Ramachandran 
plot was generated for the 2FP7 structure as well. The 
Ramachandran plot of 2FP7 (Figure 4B) shows 92 and 
8% of the residues are in the most favored and permitted 
conformations, respectively. Most of the residues present 
in the model were constructed with the lowest energy 
conformation, which is likely to be more realistic in a 
biological environment. Finally, we note that residues 
located in the unfavorable regions are predominantly 
arranged in loop portions, which have little influence on 
the catalytic properties of the evaluated target.

Using the Verify 3D software, an analysis of the 
environmental preference for each residue showed that 
89.59% of the residues had an average 3D-1D score greater 
than or equal to 0.2 (Figure 5). Furthermore, the model 
showed the compatibility of the atomic model (3D) with its 
own amino acid sequence when the results were compared 
with established structures.56

Molecular docking

Initially, the molecular docking was evaluated with 
re-dock between D1 and the three-dimensional DENV-2 
model in the presence of water molecules.37 From the 
overlay of the re-docked structure and the X-ray crystal 
structure, the RMSD value was evaluated to be 0.73 Å. 
This result validates this molecular docking method 
as it represents a low conformational deviation of the 
prototype inhibitor structure deposited in the PDB.6 
Figure 6A shows the re-dock study with the NS2B-NS3pro 
DENV-2 model and the inhibitor Bz-Nle-Lys-Arg-Arg-H, 
D1 (Figure 6B).6 As shown, the small conformational 
deviation occurred mainly in the amino acid side chains 

Figure 1. Selected inhibitors (1m-16m) for N2SB-NS3-pro DENV-2.11

model obtained for docking studies, which also suggests a 
conformational similarity between it and the model.

A Ramachandran plot was used to evaluate the 
stereochemistry of the DENV-2 3D model, as shown 
in Figure 4. Figure 4A shows that 82 and 14% of the 
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Figure 2. Sequence alignment between 2FP7 and 2FOM using the CLUSTALW program.39 The colors indicate the following types of residues: hydrophobic 
= blue; hydrophobic tendency = light blue; basic = red; acidic = purple; hydrophilic = green; unconserved = white. The highlighted residues are His (H), 
Asp (D) and Ser (S) present in the catalytic triad and Gly (G) in the oxyanion pocket.6

Figure 3. The overlap between 2FP7 (WNV) and DENV-2 model 
structures complexed with the Bz-Nle-Lys-Arg-Arg-H inhibitor (ribbon 
representation). 2FP7: NS2B green, NS3 yellow; DENV-2 model: NS2B 
pink, NS3 blue.

(e.g., phenyl and guanidine moieties). After the re-dock 
analysis, we identified certain amino acid residues through 
the interaction between D1 and NS2B-NS3pro DENV-2 
(S1: His51, Asp75, Ser135, Gly151, Tyr161; S2: Asn152; 
S4: Val154) that were consistent with the active site of 
NS2B-NS3pro WNV,6 as shown in Figure 7B.

The water molecules located near the active site 
in the constructed 3D model conserved their positions 
relative to the crystallographic structure of NS2B-NS3pro 
(PDB:2FP7).6 However, the ligand adopts a different 
conformation, which appears to be caused by hydrogen 
bonds and steric effects. Consequently, these effects elicit 
differences in the binding energy. In some cases, water 
molecules act as intermediary agents between the ligand 
and molecular template.37 Alternatively, these molecules 
can stabilize the ligand-receptor interactions via hydrogen 
bonds. In addition, the inclusions of conserved water 

molecules increase the prediction of docking pose from 39 
to 69%. Thus, we chose to follow this protocol to obtain 
more accurate results.57 Clearly, water molecules must 
be considered in computational studies directed toward 
drug development. The complex formed by the docking 
procedure was subjected to a QM/MM31,39 optimization 
to increase the accuracy of the results. Table 1 shows the 
binding energy (kcal mol-1) of each compound, which 
ranged from −13.80 to −7.50 kcal mol-1 for the molecular 
docking studies and from −568.3 to −18.58 kcal mol-1 for the  
QM/MM calculations. The binding energies of the 
complexes help to identify inhibitor candidates for 
NS2B-NS3pro DENV-2, the molecular template and thirteen 
water molecules near the active site that were removed from 
the crystallographic structure (NS2B-NS3pro, PDB:2FP7).6 
Additionally, the charged nature of some species in this 
work and the employed semi-empiric method contributed 
to the results for the complexes obtained with the  
QM/MM calculations.58-61 In this context, Tripathi et al.51 
investigated the performance of the charge model in the 
prediction of docking poses against CDK2 proteins with 
their respective inhibitors using different semi-empirical 
(i.e., RM1, AM1, PM3, MNDO) and ab initio (HF) and 
DFT methodologies. The authors demonstrated that AM1 
was a useful charge model for the design of new drugs and 
demonstrated that the scoring function based on this method 
appears to be applicable in drug design. In addition, the 
difference in the relative binding energies for the same set 
of compounds can be understood in terms of atom types 
and charge effects. AutoDock Vina uses its own atom types 
and Gasteiger charges. However, in the present work the 
QM/MM calculations used the AM1 methodology for the 
ligand and the ff03ua force field for the whole protein. In 
the QM region, AM1 performs the calculations without 
atom types and uses “am1-bcc” as the charge methodology. 
The ligands have charges of 3+ and 2+, which, in effect, 
are diffuse in the QM region. Overall, these features can 
contribute to the different relative binding energies.
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After the combined analysis, D1, 6m and 12m were 
observed to possess high affinities for NS2B-NS3pro 
DENV-2. The intermolecular interactions were evaluated 
by a 2D pharmacophoric diagram, with a 2.5 Å cutoff for 
hydrogen bonds.48 The affinity energies of D1, 6m and 12m 

obtained in the molecular docking procedure are −13.80, 
−9.10 and −8.80 kcal mol-1, respectively. QM/MM studies 
gave affinity energies for these compounds of −568.30, 
−180.16 and −138.85 kcal mol-1, respectively. Ligand 6m 
gave the best result for the molecular docking and  

Figure 4. Stereochemical quality of the DENV-2 model and 2FP7. Ramachandran plots of the DENV-2 model (A) and 2FP7 (B) generated by PROCHECK. 
Red indicates the most favored regions; yellow indicates allowed regions; beige indicates tolerated regions and white indicates unfavorable regions38. 
Percentage of residues that are most favored in the Ramachandran plot of DENV2 (C). The dark band represents the results of the protein structure; the 
central line is a mean trend and the width of the band corresponds to the mean standard deviation. Residues of maximum deviation from ideal values (red 
rectangles). These residues are shown in the primary and secondary sequences and in the region of the Ramachandran plot in which they are located.38

Figure 5. Analysis of NS2B-NS3pro DENV-2 using Verify 3D.56
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QM/MM minimization procedures. This ligand also showed 
a C−O Ser135 distance closer to D1, which increases its 
interaction with Ser135. In contrast, some compounds 
showed smaller affinities in both approaches, such as 
1m and 8m, which possess affinity energies of −7.5 and 
−7.6 kcal mol-1 (molecular docking) and −75.30 and 
−52.50 kcal mol-1 (QM/MM). The larger distances of 17.39 
and 12.88 Å for the interaction of 8m and 1m to Ser135, 
respectively, in the QM/MM studies can be associated with 
the absence of hydrogen bonds involving these compounds, 
which are present in D1. Additionally, 1m and 8m possess 
a low number of binding interactions with the receptor 
residues, which can help rationalize their smaller binding 
affinities compared with D1, 6m and 12m. There are many 

factors that can impact a ligand’s binding affinity, such as 
its structure, stereochemistry, steric features and the number 
and type of binding (i.e., hydrogen or hydrophobic). For 
the compounds examined in this work, the number and 
type of binding can be used to understand the different 
binding behaviors.

The amino acids that constitute the binding site of the 
NS2B-NS3pro complex are essential for its interaction with 
tetrapeptide inhibitors. Some of these residues, such as 
His51, Asp75 and Ser135, are directly related to enzymatic 
activity.6,10,12 Previously, the residues Gly151 and Try161 
have been described to be being important in recognizing 
inhibitors directed to this receptor. The C−O Ser135 
distance, which involves the carbon atom of the aldehyde 

Figure 6. (A) Re-dock stick representation of the Bz-Nle-Lys-Arg-Arg-H inhibitor; (B) the structure of D1.6,48 Yellow and gray represent the crystallographic 
and docked structures, respectively.

Figure 7. (A) 3D structure of D1 with NS2B-NS3pro and water molecules; (B) interactions of D1 with the active site of this receptor, showing hydrogen 
bonds (pink circles with traced lines), hydrophobic interactions (green circles), pi-interactions (orange lines), water molecules (blue circles) and close 
contact residues (pink circles only). The solvent accessible regions are shown as purples circles (in the molecule) and a blue halo (in the amino acid residue). 
This figure was construed utilizing Discovery Studio Visualizer 3.1.48
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group near the hydroxyl group of Ser135, is believed to 
be an important moiety to enable the catalytic activity of 
serine proteases.6

Following the molecular docking and QM/MM 
minimization procedures, the interactions involving 
the inhibitor prototype D1 and the compounds 6m and 
12m were used as the QM region of the complex, which 
showed satisfactory results for both methods. Figure 7B 
shows the interactions observed for D1 within the active 
site of NS2B-NS3pro DENV-2. D1 possesses hydrogen 
bond interactions with three residues in this catalytic triad 
protease (i.e., His51, Asp75, Ser135).6 Hydrogen bonds 
were also observed with Asp17, Gly18, Ser19, Met20, 
Ser21, Asp129, Gly151, Asn152, and Tyr161. D1 also 
possesses three cation-π interactions with the Tyr161 and 
His51 residues. Finally, five hydrophobic interactions were 
found between the ligand and the residues Trp50, Ser131, 
Thr134, Tyr150, Val154 and Val155.

Molecular interactions between the ligands and the 
receptor are related to biological activity. A molecule’s 
structure has a direct influence on its physical and chemical 
properties, and its geometry can determine its affinity 
with the receptors in aqueous (physiological) solution 
(e.g., the effect of positively charged groups present in 
the inhibitor candidates for serine protease). Additionally, 
the molecular structure of the receptor determines which 
moieties in the drug are essential for binding, such as 

negatively charged groups (e.g., Asp) present in the active 
site of NS2B-NS3pro DENV-2.62 Figure 8 shows the 
interactions observed for compounds 6m and 12m, which 
demonstrated higher affinity energies when complexed 
with NS2B-NS3pro DENV-2. Similar to D1, compound 6m 
in the P2 position is involved in two hydrogen bonds 
with Phe113 (2.1 Å), which are present in the active site 
of the enzyme. The ligand-receptor association can be 
enhanced by hydrophobic interactions, as demonstrated 
by the residues Ser16, Gln18, Ile19, Arg37, His51, Pro115, 
Gly116, Gly144, Asn152 and Tyr161.

Compound 12m demonstrated van der Waals 
interactions with Ser17 and Ser131 and other interactions 
with important amino acids present in the catalytic 
cavity, such as π-interaction with His51 and hydrogen 
bonds with Tyr144 (2.5 Å), which indicates an important 
relationship to the inhibitory mechanism for this class of 
enzymes. Additionally, compounds 6m and 12m possess 
a large number of close contact residues (four and eight, 
respectively), which add further stabilization and are 
indicative of complementary binding within the activity 
site. Compounds 1m and 8m demonstrated the poorest 
results, especially for the molecular docking affinity studies 
and the C−O Ser135 distance. Following the docking 
study, 1m and 8m possessed the smallest number of 
hydrogen bonds, with one interaction each (Supplementary 
Information). Compound 1m showed hydrogen bond 

Table 1. Binding energies (kcal mol-1) and C−O Ser152 distances (Å) from the docking and QM/MM procedures

Compound
Molecular docking / 

(kcal mol-1)
Relative energy

QM/MM Minimizationa / 
(kcal mol-1)

Relative energy Distance C−O Ser152 / Å

D1 −13.80 0.0 −568.30 0.0 3.38

1m −7.50 6.30 −5.30 493.00 12.88

2m −8.40 5.40 −125.74 442.56 10.31

3m −7.70 6.10 −48.68 519.62 8.81

4m −8.00 5.80 −82.62 485.68 10.98

5m −7.90 5.90 −84.14 484.16 11.57

6m −9.10 4.70 −180.16 388.14 8.63

7m −8.10 5.70 −89.12 479.18 9.32

8m −7.60 6.20 −52.50 515.8 17.39

9m −7.70 6.10 −57.91 510,39 10.60

10m −8.10 5.70 −61.07 507.23 8.96

11m −7.50 6.30 −18.58 549,72 8.88

12m −8.80 5.00 −138.85 429.45 8.87

13m −8.10 5.70 −44.17 524.13 10.27

14m −7.90 5.90 −66.11 502.19 10.02

15m −8.20 5.60 −63.67 504.63 8.92

16m −8.00 5.80 −78.00 490.30 8.71

aBinding energy = Ecomplex – Eprotein – Eligand.52
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interactions involving only Tyr161 and van der Waals 
interactions with Ser34, Pro102, Pro115, Phe130, Ser131, 
Gly159, Ala160 and Asn162. Following the QM/MM 
studies, 8m was involved with hydrogen bond interactions 
with Gly153 and van der Waals interactions with Ser131, 
Pro132, Thr134, Ser135, Tyr150, Gly151, Asn152, Val155, 
Tyr161 and Ser153. The fewest number of hydrogen bond 
interactions of both compounds and the small quantity 
of close contact residues (two for 1m and three for 8m) 
contribute to the lower binding energy of these compounds 
relative to compounds 6m and 12m.

The structure-activity relationship (SAR) for the 
prototype D1 tetrapeptide inhibitor indicates four 
positions that are responsible for molecular recognition. 
The positions of the inhibitor denoted by P1, P2, P3 and 
P4 are directly related to the binding pockets S1, S2, S3 
and S4 in NS2B-NS3pro for both DENV and WNV.6 
S1 is formed by residues Asp129, Tyr 150, Gly151, 
and Tyr161, which stabilize the positive charge of the 
arginine side chain in P1. The S2 pocket is negatively 
charged, which may originate in the backbone carbonyl 
oxygen atoms of the NS2B residues, such as Asp81. In 
this way, the positively charged guanidinium group of the 
P2 arginine is important in forming hydrogen bonds with 
the negatively charged amino acids of the S2 pocket. The 
S3 and S4 pockets have been suggested to possess polar 
(i.e., Leu70, Phe68 and Gln69) and hydrophobic (i.e., 
Val137) residues, respectively.11

In general, the inhibitor candidates for NS2B-NS3pro 
DENV are positively charged (3+ or 2+) and possess an 
electrophilic aldehyde moiety in the P1 position. The most 
active compounds have this structural profile and can 
bind residues such as Asp129 (electrostatic), Tyr150 and 
Tyr 161 (cation-π), which are present in the S1 pocket to 
form interactions with 6m, as shown in Figure 8. These 
results are consistent with those found by Erbel et al.,6 
who revealed key interactions for substrate recognition. 
These interactions involved the positively charged side 
chain of arginine (P1 position of inhibitor), which is 
present in ligand D1, with the Asp112 residue. In addition, 
the negative electrostatic potential of NS2B residues 
82-84 was highlighted. These residues were found to 
stabilize the guanidinium group of the arginine residue 
in the P2 position of the inhibitor, which can also form 
hydrogen bonding interactions with NS2B Gly66 and 
NS3pro Asn135.6

The presence of positive charge in the P1 and P2 
portions is not the only important consideration that must 
be evaluated for inhibitor candidates of this molecular 
template. Indeed, steric effects, the identity of the meta and 
para positions, and the participation of water molecules 

must also be considered. Each compound has characteristics 
that enable a higher or lower binding affinity with the 
receptor. For example, in both the docking and QM/MM 
methods, 12m possessed a lower binding affinity compared 
with 1m, suggesting the importance of steric and electronic 
effects in determining their distinct intermolecular 
interaction profiles. The number of interactions involved 
with the receptor can contribute to the greater binding 
affinity of 6m and 12m. These compounds demonstrated 
the highest number of hydrogen bonds compared with the 
other investigated compounds, with ten and six interactions, 
respectively. Furthermore, the Mulliken charges obtained 
by the semi-empirical AM1 method showed that the most 
active compound has a partial charge of −0.53, whereas the 
least active compound has a partial charge of 0.260. Both 
partial charges were centered on the nitrogen atom of the 
guanidine moiety in the P2 position.

The first step of the mechanism of serine proteases 
begins with the formation of the complex between the 
ligand and the receptor.9 Subsequently, the nonbonding 
electron pair of the oxygen atom of Ser135 performs a 
nucleophilic attack to an electrophilic carbon, which in 
this case involves the substrate aldehyde, and alkylates the 
enzyme.6,12 Docking studies can perform only the first step 
of this reaction (i.e., the formation of the complex). Thus, 
the D1 ligand has a shorter distance between the carbon 
atom of the formyl group (i.e., C−O Ser135; Table 1, 3.4 Å), 
which is directly associated with the second step of the 
serine protease reaction. The investigated compounds were 
able to form a complex with the receptor with distances 
ranging between 8.63 and 8.87 Å (12m). These results are 
in agreement with the binding energy, in which the most 
active compounds (i.e., 6m and 12m) are closer to the 
oxygen atom of Ser135, whereas the electrophilic carbons 
of the least active compounds (1m and 8m) are farther from 
the reactive center.

The docking and QM/MM studies indicated that the 
complexes formed by ligands 6m and 12m possess lower 
binding affinities that are closer to the prototype inhibitor 
tetrapeptide D1. These results can be associated with their 
structures, the Ser135-carbonyl carbon ligand distances, 
steric effects and stabilization by water molecules. In 
general, the energies obtained by the QM/MM and 
molecular docking methodologies21 were compatible for 
some compounds, such as 6m and 12m, which strengthens 
their potential use as inhibitors of NS2B-NS3pro DENV-2. 
In other words, the QM/MM results corroborated the 
docking studies for compounds 6m and 12m. However, 
complementary studies using free energy and molecular 
dynamics simulations would be valuable to establish the 
utility of the present results.30,35
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Conclusions

Of all compounds examined, ligands 6m and 12m 
demonstrated the lowest binding affinities by the molecular 
docking studies and QM/MM calculations. These ligands 
displayed the shortest distances between the carbon atom 
of the substrate aldehyde and the serine residue, which is 
essential for the catalytic mechanism. An analysis of the 
interactions observed for 6m and 12m relative to D1 showed 
a significant number of common interactions between these 
compounds and residues of the NS2B-NS3pro DENV-2 
model. Specifically, Ser135, Gly151 and Tyr161 are amino 
acids that recognize inhibitors and direct them to this 
receptor. Thus, the participation of these residues is crucial 
for biological activity, especially because there is evidence 
in the literature to suggest that these amino acids contribute 
to the inhibition of DENV. In general, the results from 
molecular docking studies indicated that ligands with longer 
C−O Ser135 distances possessed higher binding affinities, 
which highlights the catalytic importance of the proximity 
of the carbon atom in the formyl group (i.e., aldehyde) to the 
oxygen atom of the serine residue. Clearly, each investigated 
compound possesses distinct intrinsic characteristics, and 
the present approach may impact the various ways in which 
each analysis is performed, such as designing its chemical 
structure, the number and type of intermolecular interactions 
and steric effects that contribute to molecular recognition. 
These findings may motivate virtual screening based on the 
pharmacophoric hypothesis to design new lead compounds 
and develop successful hits in the development of therapies 
against DENV, which is considered to be a neglected disease 
because there is no licensed treatment.
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