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ABSTRACT 

Here the interaction of three aptamers with HIV-1 protease has been investigated with the help of 

molecular dynamics simulations. These simulations lead to precise structural and energetic results. 

The sequencing of the considered aptamers is AP1 as the aptamer number 1: 

(CUUCAUUGUAACUUCUCAUAAUUUCCCGAGGCUUUUACUUUCGGGGUCCU), AP2 as 

the aptamer number 2: 

(CCGGGUCGUCCCCUACGGGGACUAAAGACUGUGUCCAACCGCCCUCGCCU) and AP3 

as the aptamer number 3: (C, U, A, C, and C nucleotides of AP1 were replaced with A, G, G, A, 

and C to yield AP3). The results of molecular dynamics simulations show that aptamers 2 and 3 are 

good alternatives to interact with the protease enzyme and to control this enzyme, but in AP2 has 

somewhat improved the results. The results of MM-PBSA show that although aptamer three as a 

mutant aptamer has a good affinity with the protease enzyme compared to aptamer one and by 

impairing dimerization, it disrupts its structural stability and function. However, the results indicate 

that aptamer 2 is a better inhibitor because it causes a more severe conformational change in the 
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structure of the enzyme. 

 

 

І. INTRODUCTION 

Due to the high prevalence of human immunodeficiency virus type 1 (HIV-1) disease and drug 

resistance over the past decades, many investigations have been accomplished on the discovery and 

introduction of anti-HIV-1 drugs. There are reports of the use of inhibitors as drugs and potent 

inhibitors1. In addition to being potent, these drugs are limited for a long-term purpose, because of 

their resistance to a variety of viruses2. For this reason, there is still a great interest in better 

understanding of the mechanism of the inhibition to design better drugs. The aim of this research is 

the theoretical study of HIV-1 protease (PR) inhibition by a new class of antiviral agents. We used 

RNA aptamers as a protease enzyme inhibitor for potential use in HIV-1 therapy.  

      Aptamers are short single-stranded structures of RNA or DNA oligonucleotides that have high 

affinity and selectivity to recognize and bind target molecules3–8. These targets are different in size 

from small molecules to proteins and cells. When they are bound to their targets, aptamers produce 

complex three-dimensional structures featuring intricate motifs and stable target binding sites9, 10. 

To particular interactions, the ligand can only be bound efficiently with a stable structure11. The 

ligand-specific aptamer can be extracted through an in vitro selection process known as the 

systematic evolution of ligands by exponential enrichment process (SELEX)3, 12. There is relatively 

little understanding of the mechanisms of ligand binding to aptamers, but it is essential for the full 

utilization of aptamers as a therapeutic tool13 and other applications. In the present work, we 

investigated the orientation and interaction between several aptamers (AP1, AP2 and, AP3) and 

HIV-1 PR by using molecular dynamics (MD) simulation. 
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Because HIV-1 PR is an essential enzyme due to its key role in viral maturation, a better 

understanding of interactions between HIV-1 PR and its specific aptamer remains of great interest 

to improve drug design. Thus, searching for HIV-1 PR inhibitors as an attractive target in anti- 

AIDS drug design has become a promising approach. Since inhibition of the enzyme activity by 

blocking the active site presents only in the dimer, previous studies have suggested that dimer 

inhibition may overcome the limitation of this inhibition state to prevent inevitable drug 

resistance14-17. By a recent molecular dynamics simulation study, monomeric HIV-1 PR is stable18, 

and its folding form is essential for dimer formation. Thus, binding of HIV-1 PR by two folding 

monomers creates a new site for enzyme inhibition19. Hence, in the present work, we used the 

monomer shape of HIV-1 PR. 

      This study presents the analysis of interactions between HIV-1 PR and its specific aptamer. The 

results offer the mechanism of the inhibition of HIV-1 Protease by specific RNA aptamers and the 

investigation of these structures after simulation. Furthermore, 150 ns MD simulations, for HIV-1 

PR and three aptamers and their complex in water, are examined in detail and compared to each 

other. The results obtained contribute to a better understanding of the mechanism of the inhibition, 

in particular by combining the methods presented here. Finally, with due attention to the high 

effectiveness and the proprietary function of non-coding RNA aptamers, we can conclude that 

these compounds may be suggested as effective HIV-1 anti-protease drugs. 

II. METHOD 

A. Molecular Dynamics (MD) Simulations 

Molecular dynamics (MD) simulation is a powerful technique for the analysis of the interaction 

between ligand-target20. All MD simulations in this paper were performed out with the NAMD2.12 

package21 with CHARMM27 and CHARMM3622-24 force field for the studied complex with 
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explicit water. VMD25 is a molecular visualization program for setting up the molecular dynamics 

simulation systems. The built molecular systems were simulated under (NVT) and (NPT) 

ensembles. During hydration, in the initial configuration, a water box containing around 34200, 

35589, 54879 water molecules were placed around complex 1, 2 and, 3, respectively. The periodic 

boundary conditions were applied in all systems with TIP3P26 model for water. The size of the 

simulation box (Figure 1) for complex 1 was (65, 81, 77 Å), for complex 2 (91, 80, 84 Å) and 

complex 3 was (82, 72, 71 Å), as you can see in Figure 1.  The MD domain consisted of HIV-1 PR, 

aptamer, water molecules, and sodium ions. We increase the temperature of the system to 310 K. 

Then the temperature is kept constant using a Langevin thermostat in 310 K. The pressure was held 

at a constant value of 1.013125 bar using a Nose-Hoover Langevin piston.  

B. Simulation setup and protocol 

To remove any bad contacts and to set all bond lengths, bond angles, and torsions of the considered 

systems, they were minimized at absolute zero before the equilibrium molecular dynamics 

simulations. After the minimization step, the systems were heated to 310 K and then 150 ns 

molecular dynamics simulations were executed. The time step for MDS was 1 fs and cut off radii 

for van der Waals interactions has been set to 16 Å. The temperature and pressure are maintained 

constant by a Langevin thermostat (310 K) and a Langevin barostat (1.01325 bar), respectively. 

C. Preparation of initial structures 

The simulations have been performed by using the HIV-1-PR structure reported in Protein Data 

Bank [PDB] with the id of 1HPP27. Recently Duclair et al.28 showed experimentally that some 

RNA aptamers and the ones considered here have anti-HIV properties. We named them AP1, AP2, 

and AP3 for brevity. They have the following nucleotide sequencing AP1: 
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CUUCAUUGUAACUUCUCAUAAUUUCCCGAGGCUUUUACUUUCGGGGUCCU, AP2: 

CCGGGUCGUCCCCUACGGGGACUAAAGACUGUGUCCAACCGCCCUCGCCU, AP3: a 

mutant structure of AP1 in which C-4, U-6, A-18, C-27 and C-38 nucleotides of AP1 were 

substituted with A, G, G, A, and C. The Second-generation RNA aptamer (see Figure 2A) was 

selected from Kinefolde web server 29. The third structures (see Figure 2B) predicted by SIMRNA 

web server30 is in agreement with the experimental data. They were the starting point of the 

performed MD simulation.  

D. Structural specifications 

The structure of the enzyme molecule consisted of a chain. It included 99 amino acids. HIV-1 PR 

is a polar structure and contains the hydrophobic residues, generally. The active site of the protease 

is provided a catalytic Asp-Thr-Gly triad at positions 25 to 27, respectively28. Figure 3 shows the 

structure of the HIV 1 protease monomer.  

Aptamers included 1568, 1075, 1005 atoms, a unique nucleic acid chain and 50, 51, 48 residues for 

AP1, AP2, and AP3, respectively. Each of aptamers 1, 2, and 3 consists of 24, 1, and 22 unbound 

bases at the 5`-end, 4, 9, and 4 unbound bases at the 3`-end. In AP1 structure, there is a stem region 

with eight intramolecular base pairs, a symmetric loop. In AP2 structure, there are two stem 

regions with three intramolecular base pairs and two interior loops and a stem-loop (hairpin loop). 

In AP3 structure, there is a stem region with four intramolecular base pairs; a symmetric interior 

loop, and a stem-loop (hairpin loop) and. (see Figure 2A) 

D. MM/PBSA Calculations 

In order to a deeper understanding of the interactions between HIV-1 RT and considered aptamers, 

the free energy of binding (∆Gbinding), was calculated. The ∆Gbinding was investigated using the 
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following Eq. 1:  

∆G������� = G������� − G������� − G�����	��   (1) 

where G is the value of the total free energy. Complex, aptamer, and HIV-1PR have their usual 

meanings defined in this text.  

The total free energy of any species can be calculated from Eq.2: 

< G >	=	< E�� >	+	< G��������� > 	−TS        (2) 

In which EMM, Gsolvation, T, and S are molecular mechanics potential energy, the free energy of 

solvation, temperature (310 K here), and entropy, respectively. The braces show the average 

values. Following the high computational cost and low prediction accuracy31-34, the entropy 

contribution (TS) of the aptamer and enzyme was neglected. The source of this choice is the 

increased conformational flexibility. Therefore, this increased conformational flexibility could not 

make a favorable contribution to the interaction between aptamer and enzyme35.  

Furthermore, EMM is defined as the summation of bonding, Eb, and non-bonding, Enb, (electrostatic 

and van der Waals) interactions: 

																					E�� = E� +E��                                         (3) 

And 

    																				E���E���� + E���                                      (4) 

Note, in the single trajectory approach, the conformation of protein and ligand in the bound and 

unbound forms are assumed to be identical. Thus, ∆Ebonded is always assumed to be zero36. 

Electrostatic interactions are obtained by coulomb Eq.5: 
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                                                         E�����r��� =
��⋅��

�⋅�⋅��⋅���
                                   (5) 

And van der Waals interactions are obtained by Lennard-Jones (LJ) potential function 

                                                		E���(r��) = −4 ⋅ ϵ��[(
���

���
)�� − (

���

���
)�]                (6) 

The solvation free energy contribution was calculated with the help of   

                                                  G��������� = 	G���� + G�����                              (7) 

Where pols and npols are polar and non-polar parts of the free energy of solvation, respectively. 

The non-polar contribution of the solvation free energy expression is derived from SASA-only 

non-polar model37 giving Gnpols as follows: 

                                                    G����� = γ(χ) + β                             (8) 

Where	γ, χ	and, β	are the surface tension coefficient of the solvent, the SASA of the solute and, β is 

a constant. The experimental constants γ and β have values of 0.916 Kcal/mol/Å2 and 0.0054 

Kcal/mol, respectively. The polar term was calculated in Delphi II38 by solving the Poisson–

Boltzmann equation39-41. In Delphi calculations, the grid spacing was assumed to 0.5 Å. Also, the 

radii of atoms were considered from the PARSE parameter set42. Internal and external dielectric 

constant values 2 and 80, respectively. 

III. RESULTS AND DISCUSSION 

A. Stability of the Protease - aptamer Complexes 

Figure. 4 shows the root mean square deviation (RMSD) of the enzyme and aptamers in the 

complex during MD simulations time (150 ns). Talking about enzyme changes is more important 
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than aptamer, but comparing it with aptamer changes can be helpful. We expect that during the 

simulation of aptamer as an inhibitory drug, it may disrupt the structure or function of the protease 

enzyme, which can be explained by the more significant fluctuations that occur after drug 

interaction. Thus, it removes the enzyme from its natural state. 

      Figures show that the aptamer has a significant fluctuation, but unlike the aptamer, the enzyme 

has small fluctuations. As can be seen in the simulation path from the start to the end of the 

simulation time at 150 ns by the VMD graphics program, it can be stated that the aptamer changed 

a lot and its torsions were sometimes opened were and sometimes closed. It has been separated 

from the enzyme many times, but the enzyme has changed very little. The interaction of the 

enzyme and aptamer is stabilized in the 23305 frame (116 ns), and the interacting regions in the 

enzyme and the aptamer are detectable. However, conformational changes are still present, the 

enzyme is pre-separated from the 29527 (145 ns) frame, and it appears. Again from the 29527 

frame (147 ns), the enzyme is separated from the aptamer, and it seems that this process is 

continuing, and the aptamer is unable to interact with the enzyme stably. Thus it can be concluded 

that the enzyme is less affected by AP1 and, its natural structure remains stable. 

      In complex 2, the residues involved in the interaction between the enzyme and the aptamer are 

detectable in the frame of 18784 (93ns). As shown in the figure, the fluctuations of the enzyme and 

aptamer still change in opposite ways. Thus, wherever the RMSD value in the aptamer is high, its 

value is downward for the enzyme, which could be the result of suitable interaction between them. 

As can be seen from the simulation pathway, the 16000 to 17000 frames (80 ns to 85 ns) 

correspond to the moments, when the drug is approaching the enzyme, and the 24000 to 25000 

frames (120 ns to125 ns) correspond to the opening of portions of the enzyme involved with the 

aptamer and changed its structure from its original state. The graph shows that the fluctuations in 

the enzyme have increased from this moment to the last moment. Thus, it can be said that the 
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enzyme has been significantly affected by aptamer 2 and altered its conformation structure. On the 

other hand, aptamer has also changed due to this disorder. As you can see in the figure, the 

structure of the enzyme is partially closed and by the last moment, the flap is pulled down the 

active site. This is the case for the protease enzyme which means that after the formation of dimers 

there is no condition for the ligand to enter the active site anymore, thus impairing the function of 

the enzyme. 

      In the case of complex 3, their binding site was stabilized at a longer time than in the other two 

complexes, meaning that the aptamer was able to affect the enzyme after many times. This is after 

about two-thirds of the simulation time in the frame of 26310 (131 ns). The times before this time 

are related to the enzyme shift around the aptamer. For example, there are oscillations in frames 

17000 to 22000. After the interaction, there is not much change in aptamer. The enzyme has also 

changed in the flap and dimer portion of the binding region. The flap section was downward until 

the simulation was completed and the enzyme form was partially closed, but in the final moments, 

it semi-opened slightly although the dimer section was upward and this was different from the 

initial state. This makes it difficult to access the binding site of the protease enzyme. In addition, 

after the binding time, the oscillations in the enzyme decreased and approached equilibrium, which 

is different from the enzyme diagram in complex 2 and it can be justified that probably complex 

diagram 2 and interaction process have better results for enzyme dysfunction. Another difference 

between complex 2 and 3 is that the average amount of remodeling for the enzyme in complex 2 is 

less than the other two complexes, indicating it has lost its stability and natural state. This is due to 

the fact that the amount of the root mean square deviation average for the free enzyme in the 

previous experiments is about 3.5 angstrom, which is about 2.39 angstrom for complex 2. Another 

evidence, is that aptamer 2 was able to stabilize the interaction faster than the other two aptamers. 

This indicates that aptamer 2 is more susceptible to enzyme inhibition. This result is consistent 
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with the experimental result28.     

B. Flexibility of the Protease – aptamer Complexes  

In this analysis, we intend to examine the residues involved in the interaction of aptamer and 

enzyme as well as inhibition and disruption of the enzyme. To this end, we obtained RMSF 

analysis for the enzyme and aptamer in the complex in the pre-interaction and post-interaction 

frames. So that, we can compare the pre- and post-interacting residues and identify the stable 

residues. A brief look at the post-interaction graphs (Figure. 6) and their average values, as we 

expected and was revealed in the RMSD analyzes, aptamer and enzyme belonging to complex 2 

have the highest values. RMSF averages indicate that they are more flexible than the other two 

complexes. This greater flexibility at the time after the interaction indicates that the enzyme is 

more affected by aptamer 2 and has been able to inhibit more than other aptamers. Therefore, AP2 

is a better inhibitor. Whereas the mean RMSF was small for complex 3 and RMSD was close to the 

normal state of the enzyme. As such, it is less inhibitory but has a better affinity. This result is 

consistent with the experimental result for these aptamers28. On the other hand, a comparison 

between enzyme and aptamer structures before the interaction (Figure. 5) and the post-interaction 

state (Figure. 6) show that the residues involved in the interaction have less freedom than the pre-

interaction state, will certainly have less flexibility and average RMSF value, which it is consistent 

with the results of previous work. This is also true for each of the residues before and after the 

interaction43. 

      We now look at residues that have been affected or whose RMSFs have decreased or increased. 

As, can be seen in the (Table I, II and Figure. 7). In the case of complex 1, residues (35-41) that 

belong to the flap-elbow portion of the enzyme have the lowest RMSF, especially in residues 38 

that corresponds to the Leucine in the enzyme. This is the area that has been involved in the 
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interaction with the aptamer, which in this area has less dynamic oscillations and movements, and 

the interaction has been well-formed. However, the flap-elbow region may play an important role 

in the function of the protease enzyme in interacting with the ligand, this reduction in flexibility 

relative to other enzyme residues may not be appropriate. Previous studies on the protease enzyme 

have emphasized the flexibility of this region, which is one of the key areas of inhibition. Another 

important area that may be involved in enzyme inhibition44-46 is the flap-tip region of residues (54-

46) which, unlike expected, has little flexibility in this complex. These results, according to the 

RMSD diagram, indicate that the enzyme is less affected. Therefore, the flexibility of these regions 

is reduced after the interaction and the enzyme maintains its natural state to a great extent. 

However, the mobility and hardening of these residues have caused to close the flap and to some 

extent prevent the ligand from entering the active site. 

      In complex 2, portions of the enzyme that interacted with aptamer 2 include the β-hairpin flap 

residues (47-41) and fragments of the flap-elbow. As expected, these regions are more flexible and 

suggest that aptamer-2 inhibition has occurred well in these regions, especially in proline 44, and is 

in agreement with previous experimental and theoretical results44-46. In addition, the residues 10, 

21, 32, 43, 54, 65, 76 and 97, which belong to the fulcrum, flap, cantilever, dimer-interface, and C-

terminal regions, are also highly flexible. The area around the active site, which contains residues 

(27-30), in particular, aspartic acid (25), has the least flexibility and exhibits a rigid behavior. This 

is also the case in previous works. On the other hand, residues 6 and 7 near the N-terminal region 

show little flexibility fluctuations, whereas in the (85-89) region this mobility is greater. In 

addition, a residue (15-21), which is the outer part of the fulcrum, is more flexible than the flap-

elbow. This area probably acts as a lever for closing the flap. On the other hand, the flexibility in 

the dimer-interface segment (98-85) is the main autocatalysis site, it disrupts protein catalysis. In 
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general, it is conceivable that aptamer 2 acts as an allosteric inhibitor that alters enzyme 

conformation through greater flexibility of the flaps and elsewhere. 

      In complex 3, the inner part of the enzyme interacts with aptamer 3. These include the flap-tip 

area containing residues (53-47) and the dimer-interface containing residues (1-4). Unlike complex 

2, the interacting residues in this complex had a lower RMSF value, indicating that aptamer 3 was 

less able to inhibit the residues involved than aptamer 2. But on the other hand, we can say that 

there is a better bond between them which is due to the better affinity of this aptamer and so these 

areas have been rigid. Higher affinity is also confirmed by RMSD analysis and ∆G calculation. But 

it seems that high affinity in these regions, especially in the dimer-interface, can be a an excellent 

barrier to dimer formation, which could be a an excellent anti-dimer inhibitor as described in the 

previous work by Yaakov Levy et al.19 and the advantage is mentioned and according to studies by 

Duclair et al.28 both are important areas in this aptamer which can interact. Since 75% of the 

homodimer stability is related to this part, Disruption in this area causes low performance. On the 

other hand, the RMSF values indicate low-mobility residues are more likely than high-mobility 

residues. However, previous work has shown that inhibitory residues can be both more flexible 

residues and hardened residues45.  

      Of course, as noted in previous works, the areas around aspartic acid 25 as a triple active site 

region include residues (25-30 and 33), as well as portions of the flap (44-47, 49-52, 55) and 

cantilever regions (73-66) and residues (82-88) of the end-domain of the enzyme have low 

flexibility while the number of regions with high flexibility is limited, including 97 related to the 

dimer-interface and 62 and 66 of the final flap and the C-terminal terminus contains (90-97). 

      Although it is important to discuss RMSF values in the enzyme, a look at aptamer RMSF 

values can also be useful. These values are listed in the above table. The RMSF values of aptamer 

have the lowest values in the interaction regions, indicating that the relevant drug has less 
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flexibility in the interaction to obtain the appropriate interaction. These regions in aptamer 1and 3 

include residues (33–29) and (32) of the stem-loop region, respectively. In the case of aptamer 2, 

the asymmetric interior loop region contains the residues (32-34). These areas with less flexibility 

are consistent with experimental results. The aptamer end residues in regions 3ʹ and 5ʹ did not play 

a role in binding, but the last 17 residues of region 3ʹ increased the affinity28. 

 

C. Radius of gyration of protease (Rg)    

The radius of gyration used to describe the equilibrium conformation and the compactness of a 

macromolecule, especially bio macromolecules with the help of, 

 

			R� = �
∑ (������)

��
���

�
	                                   (9) 

 

Where ri and rcm are the coordinates of atom i and the center of the mass of N-atoms 

macromolecule with the assumption of the equal mass for all non-hydrogen atoms47. Changes in 

the gyration radius of a protein during a simulation pathway are a criterion for explaining its 

structural changes such as folding, expanding stretching and so on. In order to the investigation of 

effect aptamer on enzyme spatial form and its inhibition, Rg analysis calculated for single and 

complexed form for the last 5 ns of MD simulation. These values showed in Figure 8. As, it 

observed in Figure 8, Rg has the highest value for protease enzyme in complex 2 and since the 

protease in the monomeric state that we have chosen has been folded and stable20 but its unfolded 

is unstable, then it can be concluded that enzyme in complex 2 affected more than other complexes 

by aptamer and changed its conformation. Furthermore, we obtained this analysis for all time 

simulation before and after frames of interaction (Figure. 9). It was the agreement with RMSD 
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analysis. Therefore fluctuating time in RMSD is similar to enhancement of Rg in these times. This 

indicates that compactness is less in these times and enzyme folding rates are accelerated. This 

process viewed in interaction start and after that, especially.   

       In complex 2, involved parts including flap-tip and flap-elbow that flap-tip is considered to be 

essential to enzyme function and after the simulation time the flap is pulled in toward the bottom of 

the active site (‘‘closed’’ form), whereas for the unbound enzyme all adopt a ‘‘semi-open’’ 

conformation with the flaps shifted away from the catalytic triads but still substantially closed over 

the active site and in contact with each other. Beside dimer-interface part pulled toward out and 

opened. It appears that the fully open state of the protease in dimer-interface part and high amounts 

of RMSF in the flap region and increase their flexibility had been the main role for increasing Rg 

and changing of enzyme conformation. In complex 3, flap tip and dimer-interfaced involved in the 

interaction between enzyme and AP3, unlike complex 2 that has more compactness and dimer-

interface part pulled toward to aptamer and unfolded its conformation. Also, the RMSF values in 

the flap-tip and dimer-interface section decreased compared to the other two complexes. Thus, the 

structure of the enzyme remains folded and stable. In the case of complex 1, the interaction site is 

related to the outer portion of the protease enzyme and there are fewer changes to the dimer-

interface section. Sometimes, it is open form and other times it is closed form.  Therefore, aptamer 

2 causes the highest values of Rg that has lost its natural compactness. This decrease in 

compactness can affect the contents of the secondary structure of the protease enzyme, which we 

discuss in DSSP analysis. In the RMSF analysis, we also discussed the most flexible residues that 

reduce the protease enzyme structure compactness. 

 

D. Secondary structure of protease by DSSP analysis 

DSSP is a program that is described by hydrogen bond and geometric model realization for 
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secondary structure assignment.  Here, change of secondary structure is calculated during the last 5 

ns48. Indeed, DSSP is the standard hydrogen-bond definition for the secondary structure. Also, it is 

a purely electrostatic model. The α-helix is shown in purple, the beta-sheet in yellow and the H 

bond turn in cyan (Figure.10) Before simulation, in Secondary Structure (DSSP) of this enzyme 

(1hhp), there was 48% beta-sheet (7 strands; 48 residues), 7% helical (1 helices; 7 residues 

including 4 (α-helix) and 3 (310 -helix)), 22% turn (22 residues and 6 turn) and 22% coil (22 

residues and 5 coil). We calculated the contents of different secondary structures of HIV-1 PR in 

three complexes and compared it with the free state of the enzyme (Table. III). In all complexes, 

helix content remains constant. Since the α-helices tendency to consistently fold and unfold, it has 

been suggested that the 310-helix works as an intermediary confirmation of kinds, and presents 

insight into the initiation of α-helix folding. Therefore, the 310-helix was rapidly converted to α-

helix during simulation time. However, at the end of the simulation, this content reached a fixed 

value for all three complexes.  

      In the case of complex 2, the results of previous analyses showed that aptamer 2, as an 

allosteric inhibitor, affects the protease enzyme. But in its secondary structure, aptamer 2 appears 

to increase turn content and increase coil content, while the content of beta-sheet and helix 

remained constant. It is conjectured that this change was due to the decrease in the protease 

structure compactness that we obtained from Rg analysis and the greater flexibility that came from 

RMSF analysis. In complex 3, where aptamer 3 had the highest affinity for the interaction with the 

protease, the beta-sheet and turn content increased the most, while the coil content decreased the 

most. This indicates that the secondary structure of the enzyme was most stable after the 

interaction. This result is in agreement with the results in Rg, RMSF and RMSD analysis.          

 

D. Hydrogen bonds (HB)  
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The normalized distribution of the hydrogen bonds was examined by Gaussian-type interactions49. 

In this equation, the average number of hydrogen bonds (μ) and the standard deviation (σ), was 

measured through the fitting of the Eq. (2) as a result, we can obtain the distribution data. 

 

f(x) =
�

�.√��
exp

�(����)�

�.��
                           (11) 

 

This analysis is shown that the condition of waters near the protease and aptamers would be 

affected by the interaction between water and each of them. (See Table IV. and Fig. 11) has been 

contained the average number of hydrogen bonds of water-aptamer hydrogen bonds singly and 

complexed with protease in a thin layer immediate the aptamer. This average value shows that the 

interaction of protease with the aptamer slightly increases the water-aptamer hydrogen bonds. The 

enhancement of the number of hydrogen bonds resulted from the attractive hydrophilic interaction 

between the aptamers and the water molecules. This enhancement is more for AP2. Then aptamer 2 

interact with the enzyme from the hydrophobic domain and have given their hydrophilic parts to 

the water molecules. 

Also, Table 4 been contained a comparison of the average number of water-protease hydrogen 

bonds for the water-PR system singly and complexed with aptamer. These average values show 

that the interaction of protease with the aptamer slightly increases the hydrogen bonds near the 

protease in complex 2 than other complexes. This indicates that the protease in complex 2 

interacted with aptamer by the hydrophobic parts and provided the hydrophilic regions for water 

molecules, unlike complex 3 that the protease from hydrophobic parts interacted with the waters, 

and reduced the hydrogen bonds with the surrounding water. On the other hand, by looking at the 

secondary structure of the protease enzyme and the parts that have been identified to interact with 

aptamer 2, it can be seen that the sections of the protease include flap tip and flap-elbow by 
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hydrophobic residues including residues (41-47) interact with aptamer better of the hydrophilic 

parts of the enzyme. This shows that electrostatic interaction between AP2 and enzyme is less than 

the other two complexes while in complex 3, the amount of electrostatic energy was the highest. 

Increasing electrostatic energy reduces the hydrophobic property of the interaction between the 

aptamer 3 and the enzyme in the complex. This hypothesis proved by ∆G calculation.  

      Analysis of the hydrogen bond between aptamer and protease indicates that there is less water 

between the two components, especially in complex 3. This is an average of about 0.147. You can 

see the position of the waters in Figure 12. A critical point about the waters between protease and 

aptamer 3 is that the water in this part has become a chain and oxygen and hydrogen atoms have a 

particular order that is visible in this frame and before frames. Therefore, interaction in this 

complex is made easier due to fewer space constraints. Because of the high electrostatic energy 

between them, it can be concluded that aptamer 3 has a higher affinity. This hypothesis proved by 

∆G calculation.  

F. Free energy calculations by MM-PBSA method 

 

Table. V shows the average of the binding free energies and their corresponding components in the 

complexes at 310 K. These parameters obtained from the MM-PBSA calculation for three 

complexes. In complex 3, the total binding energy was negative with the highest value but in 

complex 2 was the least value that leads to a spontaneous process. This is in agreement with 

hydrogen bond analysis. In fact, according to previous experimental studies28, 35 and structural 

reasons related to a mutation in AP3, we expected this interaction for aptamer 3 which has 

increased its compound affinity. 

The corresponding components of the average binding energy ∆Gbinding, were calculated for three 

complexes. The results in table 5 showed that, ∆Gpb and ∆Gnpb were unfavorable but ∆EMM was 
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favorable for the formation of the enzyme-aptamer complexes. Since the interaction between the 

enzyme and the aptamer is non-bonded, the bonded terms do not play a role in interaction. 

Therefore, only both van der Waals and electrostatic terms are included in ∆EMM.  

      Additionally, to identify which type of interactions plays the main role in the enzyme blocking, 

we calculated the van der Waals, electrostatic between the HIV-1 PR and aptamers using the 

NAMD energy plugin of VMD 27,30, (Table. VI)  for the interaction of enzyme with the studied 

aptamers along the last 5 ns simulation run time. Overall, these results showed the positive 

contribution of electrostatic interaction and the negative contribution of van der Waals interaction 

in the studied simulation. In other words, the contribution of van der Waals interactions in the total 

interaction energy was smaller than the electrostatic energy. Thus, according to the results of the 

two ways, we can be stated that electrostatic interactions have essential roles in the formation of 

the complex. As was observed in the hydrogen bond analysis, the amount of electrostatic energy 

for complex 3 was greater than in other complexes. This value in complex 2 was the lowest. 

Another reason for confirming electrostatic interactions is that aptamers have a negatively partial 

charge and protease enzyme has a positive partial charge. Protease enzyme surface charge analysis 

in previous studies50 shows that positively charged residues that would form more favorable 

interactions with the aptamers. In complex 3 these residues are in the flaps section.  

 

IV. CONCLUSION 

The structural results of the simulation related to RMSD, RMSF, DSSP, Rg, and hydrogen bond 

analysis as well as energetic results including the binding energy and the contribution of van der 

Waals and electrostatic interaction energy in it have been extracted and discussed. The structural 

results show that the aptamers interacted with the enzyme and we found that aptamer 2 is a better 

inhibitor and a potential allosteric inhibitor that changes the protease enzyme conformation. In 
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addition to the above results, the energetic result reveals that aptamer 3 has a relatively high 

affinity to their target by interacting with the dimer-interface part; it disrupts the structural stability 

and impedes dimer formation, thus disrupting the function of the enzyme. Finally, with due 

attention to the high effectiveness and the proprietary function of aptamers, we can conclude that 

these compounds may be considered as effective HIV-1 anti-protease drugs. Our work reveals  

details about how aptamers inhibit HIV-1 PR. The results will be helpful for the further design and 

discovery of new inhibitors. 
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Table I. The interacted residues with their average RMSF values in aptamer. 

 
Region Base Range in aptamer RMSF [Å] before interaction RMSF [Å] of after interaction 

Stem-loop A29 ( AP1) 33.84 11.08 

G30 ( AP1) 33.55 11.33 

G31 ( AP1) 33.19 11.90 

C32 ( AP1) 33.20 11.82 

U33 ( AP1) 22.80 4.96 

U32 ( AP3) 32.09 11.92 

asymmetric interior loop U32 ( AP2) 34.72 21.69 

G33 ( AP2) 38.10 18.34 

U34 ( AP2) 33.84 19.46 
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Table II. The interacted residues with their average RMSF values in HIV-1 PR. 

 

Region Base Range in protease RMSF [Å] of  before interaction RMSF [Å] of after interaction 

 

 

 

Flap-elbow 

G35 ( AP1) 26.84 12.86 

M36 ( AP1) 26.75 12.72 

S37 ( AP1) 26.72 12.64 

L38( AP1) 26.81 12.58 

P39  ( AP1) 26.81 12.77 

G40 ( AP1) 26.93 12.95 

R41 (AP1) 26.98 13.46 

β-hairpin flap W42( AP2) 32.64 22.00 

K43( AP2) 32.37 21.89 

P44 ( AP2) 32.93 24.20 

K45 ( AP2) 32.02 21.32 

M46 ( AP2) 32.98 21.20 

Flap-tip I47 ( AP3) 33.50 4.98 

G48 ( AP3) 33.55 5.19 

G49 ( AP3) 33.80 4.96 

I50  ( AP3) 34.12 4.77 

G51 ( AP3) 34.53 4.82 

G52 ( AP3) 35.25 4.87 

F53 ( AP3) 35.84 5.25 

Dimer interface P1    ( AP3) 39.32 5.48 

Q2    ( AP3) 39.22 5.44 

I3    ( AP3) 39.69 5.76 

T4   ( AP3) 39.06 5.71 

 

 

 



 
 

27 
 
 

 

 

 

 

 

 

 

 

 

Table III. The averaged secondary structure contents of HIV-1 PR in different simulation systems. Data are calculated 

based on the last 5 ns of the simulation.  

 
Secondary 

structures 

β-sheet (%) 

(Extended strand ) 

Helix (%) 

(α-helix), (310 -helix) 

Turn (%) Coil (%) 

Free PR 47 residues and 7 

strands: 

 (47.47%) 

7 residues and  1 helices: 

7 (α-helix) 

 (7.07%) 

15 residues and  5 turn 

 (15.15%) 

30 residues and  7 coil 

 (30.3%) 

PR in complex 1 49 residues and 7 

strands: 

 (49.49%) 

7 residues and  1 helices: 

 7 (α-helix) 

 (7.07%) 

6 residues and  3 turn: 

 (6.06%) 

37 residues and  5 coil: 

 (37.37%) 

PR in complex 2 47 residues and 6 

strands: 

 (47.47%) 

7residues and  1 helices: 

 7 (α-helix) 

 (7.07%) 

18 residues and  5 turn: 

 (18.18%) 

27 residues and  7 coil: 

 (27.27%) 

PR in complex 3 51 residues and 6 

strands: 

 (51.52%) 

7 residues and  1 helices: 

 7 (α-helix) 

 (7.07%) 

20 residues and  5 turn: 

 (20.2%) 

21 residues and  7 coil: 

 (21.21%) 
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Table IV. Values of the average number of hydrogen bonds and the standard deviation of the distribution for AP1, 

AP2 and AP3 as single and complexed (A) and protein and water (B) containing systems of single and complexed for 

HIV-1 PR during the last 5ns of MD simulation. 

 
System Average number of hydrogen bonds in aptamers Sigma (σ) 

AP1                            123.682 +/- 2.495 24.7764 
AP2                            101.664 +/- 0.5635 12.9623 
AP3                            102.36 +/- 2.013 17.8894 
AP1 in Complex 1                            131.576 +/- 0.7107 15.6602 
AP2 in Complex 2                            149.25 +/- 0.3898 13.8278 
AP3 in Complex 3                            148.883 +/- 0.1854 10.9871 
   

 
 

  

System Average number of hydrogen bonds in protease Sigma (σ) 

PR                            59.8128  +/- 1.432 15.0392 
PR in Complex 1  68.9009 +/- 0.4388 10.0567 
PR in Complex 2 77.6879 +/- 0.1698 6.92453 
PR in Complex 3 48.1174 +/- 0.1518 6.02031 
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TableV. The average binding energy of the AP-PR complex (Kcal/mol) during MD simulation. The molecular 

mechanic's potential energy (ΔEMM), the polar solvation free energy (ΔGpolar), non-polar solvation free energy 

(ΔGnonpolar), and total binding energies (ΔGbinding) are calculated using MM-PBSA method. 

 

System ΔEMM ΔGpolar ΔGnonpolar ΔGBinding 

Complex- AP1 −1163.93 241.72 −8.00 −930.20 

Complex- AP2 −440.63 283.82 −3.75 −160.55 

Complex- AP3 −1192.45 97.67 −2.50 −1097.29 
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TableVI. The van der Waals and electrostatic energies and their contribution to the total interaction energy. 

 
System van der Waals 

energy (kcal.mol-1) 

Electrostatic 

energy (kcal.mol-1) 

Total energy 

(kcal.mol-1) 

Complex-AP1 418.87 -1200.08 -781.21 

Complex-AP2 -20.18 -437.97 -458.14 

Complex-AP3 158.71 -1265.27 -1106.55 
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   a                                   b                                       c 

  

 

 
Figure 1. The molecular dynamics simulation box of aptamer and enzymes with water. (a) AP1 with the protease 

enzyme. (b) AP2 with the protease enzyme. (c) AP3 with the protease enzyme.  
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Figure 2. (A) 2D structure of the anti-HIV-1 PR RNA aptamer by kinefold. Bases Red lines form base pairs, and base 

dots in red are unpaired. (B) 3D structure of the anti-HIV-1 PR RNA aptamer obtained from SIMRNA. The regions 

identified are those that have interacted with the protease enzyme. 
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Figure 3. New Cartoon of the three-dimensional structure of the aspartyl protease from the HIV-1 PR: a)Extended 

beta, yellow; b) Turn, cyan; c)Alpha helix, purple; d)3-10 helix, blue; e)Coil, white. The figure was created from the 

1HPP PDB file using VMD.  Numbers indicate distinct regions. Flaps: residues 43–66; flap tips: residues 50–51; flap 

elbow: residues 35–42; cantilever: residues 67–68; fulcrum: residues 10–24; and the dimer interface: residues 1–4 and 

94–99. 
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  Figure 4. RMSD of aptamers and HIV-1 PR in the complex along the MD simulation time (150 ns). 
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Figure 5. Calculated RMSF of complex vs. residue number for HIV-1 PR (99 residues) and aptamer AP1, AP2, AP3 

(48, 50, 51 residues) during the MD simulation in before of stable interaction. 
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Figure6. Calculated RMSF of complex vs residue number for HIV-1 PR (99 residues) and aptamer AP1, AP2, AP3 
(48, 50, 51 residues) during the MD simulation in after of stable interaction. 
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Figure 7. A snapshot of interaction  between enzyme and AP1, AP2, and AP3 at the end of the simulation and the 

residues who have contributed to the interaction. 
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Figure 8. The Rg of HIV-1 PR in complex 1, 2 and 3 along the simulation time (last 5ns).  
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Figure 9. The Rg of HIV-1 PR in complex 1, 2 and 3 along the simulation time (150ns).  
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Figure 10. The DSSP analysis of secondary structure during the simulation (last 5ns) and the cartoon model of the last 
snapshot of MD for the enzyme structure in complex 1, 2 and 3 and free enzyme are shown in right, respectively. 
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Figure 11. Distribution of the normalized number of hydrogen bonds of HIV-1 PR and water-containing systems of the 

complex during the last 5ns of MD simulation. 
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Figure12. Distribution of the water molecules between aptamer and protease for complex1, 2 and 3 in two states A and 

B. 
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