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Abstract: Inhibitors targeting HIV-1 protease are quite efficient in HIV/AIDS therapy. 

In this paper, we employed potential of mean force (PMF) simulations to obtain the free 

energy profiles of HIV-1 Protease-2AH and HIV-1 Protease-4AH binding processes, 

and some dynamic details of the binding processes are presented. The binding free 

energies of HIV-1 Protease-2AH and HIV-1 Protease-4AH are -31.2kcal/mol and 

-30.9kcal/mol, respectively. These two values are very close, qualitively consistent with 

experimental results.  
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Introduction 

HIV/AIDS, has deprived the life or life quality of millions of people worldwide, since the 

beginning of the global pandemic of it in the early 1980s [1-4]. Thanks to the development of 

multiple therapeutic agents targeting HIV-1 reverse transcriptase (RT), protease (PR), 

integrase(IN), and so on, which is critical to some step of the HIV-1 life cycle, HIV-1 infection 

has been transformed from an inevitably fatal disease into a manageable chronic ailment [1]. 

HIV-1 protease is essential for HIV-1 replication because in the maturation step of HIV-1 
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life cycle, HIV-1 protease must be employed to process Gag and Gag-Pol gene product into 

some series of structural proteins(p17, p24, p7, p6, p2, p1) and functional proteins(PR, RT, IN). 

Therefore, inhibitors targeting HIV-1 protease are quite efficient for therapy of HIV/AIDS. 

HIV-1 protease is homodimer of two 99 amino acid subunits (Figure1). 

Asp25-Thr26-Gly27, catalytic triad from one monomer, together with Asp25'-Thr26'-Gly27', 

catalytic triad from another monomer, form the catalytic active site of the enzyme. The active 

site was covered by two flexible glycine-rich β flaps. When a substrate is binding the HIV-1 

protease, the β flaps tranform from an open-state to a closed-state. If an inhibitor entered the 

active site, the HIV-1 protease will lose its activity now that the enzyme couldn’t accept any 

substrate any more. 

Up to now, 9 inhibitors for HIV-1 protease have been approved by the FDA, including 

saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopinavir, atazanavir, tipranavir and 

darunavir [1-5] . In 2006, Anders Hallberg reported a class of HIV-1 protease inhibitors which 

were structurally related to both atazanavir and indinavir. 2AH and 4AH (Figure 2) are two 

of them [5]. As shown in Figure 2, 2AH and 4AH are almost the same except that a nitrogen 

atom is at the ortho and meta position of pyridine, respectively [5-6]. 

Always there are many studies, experimental or computational, concerning the binding 

process of HIV-1 protease-inhibitors, however, the major works only focus on calculating the 

binding free energy, through experimental Ki or MMPB (GB)SA method, etc. By contrast, 

studies regard the dynamic details of the binding process is relatively rare. In this study, we 

employed PMF (potential of mean force) simulations to obtain the free energy profiles of 

HIV-1 Protease-2AH and HIV-1 Protease-4AH binding processes, hoping to discover some 

dynamic details of the binding processes. 

 

Figure 1: MD-simulated HIV-1 Protease-2AH/4AH binding structures. The enzyme is shown as golden 

ribbons, and 2AH/4AH is in ball-and-stick style. The two symmetric Asp25-Thr26-Gly27 catalytic triads of 

HIV-1 Protease are shown in stick style and colored by atom types. (A) HIV-1 Protease-2AH；(B) HIV-1 

Protease-4AH. 
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Methods 

MD simulation. The initial structures of HIV-1 Protease-2AH and HIV-1 Protease-4AH were 

obtained from RCSB PDB(http://www.rcsb.org/pdb， PDB ID:2cem，2cen) [5]. The two 

systems were dealt with the same MD simulations and PMF simulations procedure, 

respectively. 

First, the partial charges of 2AH/4AH atoms were calculated by using the restrained 

electrostatic potential-fitting (RESP) protocol implemented in the Antechamber module of the 

Amber 12 program, following the electrostatic potential (ESP) calculation at ab initio 

HF/6-31G** level using Gaussian 03 program [7]. Considering the general accepted action 

mechanism of HIV-1 Protease, we chosen Asp25 of HIV-1 protease to be protonated [6]. And 

the bridging water W301 is reserved [6]. The complexes were solvated in an orthorhombic 

box of TIP3P water molecules [8] with a minimum solvent-wall distance of 10 Å . Counter ions 

were added to neutralize the solvated system.  

Then, the two systems, with proteins, inhibitors and W301 restrained,  were 

energy-minimized by using the Sander module of Amber 12 program [9] via a combined use 

of the steepest descent/conjugate gradient algorithms, with a convergence criterion of 0.0001 

kcal mol-1 Å -1, and the non-bonded cutoff distance was set to 8.0 Å . MD simulation was 

performed by using the Sander module of the Amber 12 program package. The solvated 

systems were gradually heated (with proteins, inhibitors and W301 restrained) to 300 K by 

the Langevin method in 500ps and equilibrated for 2 ns, from which step proteins, inhibitors 

and W301 were free. During the MD simulations, a 8.0 Å  non-bonded interaction cutoff was 

used and the non-bonded list was updated every 25 steps. The motion for the mass center of 

the system was removed every 1,000 steps. The particle-mesh Ewald (PME) method [10, 11] 

was used to treat long-range electrostatic interactions. The lengths of covalent bonds 

involving hydrogen atoms were fixed with the SHAKE algorithm [12], enabling the use of a 

2-fs time step to numerically integrate the equations of motion. Finally, the production MD 

was kept running for ~2.0 ns with a periodic boundary condition in the NTP ensemble at T = 

300 K with Langevin method, and at P = 1 atm with isotropic molecule-based scaling [10]. 

Potential of mean force (PMF) simulation. In order to explore the free energy profiles for the 

process of HIV-1 Protease binding with 2AH/4AH, the PMF simulation was carried out by 

using umbrella-sampling [13] MD simulation. The classic PMF definition [45] can be 

represented by a function of reaction coordinate as 

     FURT  )()(ln)(                         (1)                          

in which () is the probability density along the reaction coordinate , R is the gas constant, 

http://www.rcsb.org/pdb
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T is the simulation temperature, U() is the biasing potential applied in the 

umbrella-sampling MD simulation, and F is the normalization constant. According to this 

approach, the reaction coordinate is usually divided into different regions, i.e., windows, and 

each window is sampled separately. A biasing (umbrella) potential, i.e. U(), is applied for 

each window in order to obtain nearly uniform sampling of the potential energy surface. In 

the present study, the reaction coordinate was defined as the distance from the mass center of 

the non-hydrogen atoms of 2AH/4AH to the mass center of the non-hydrogen atoms on the 

side chains of the two symmetric Asp25-Thr26-Gly27 catalytic triads of HIV-1 Protease. The 

total number of windows was 28, with a window size of 0.5 Å , covering the reaction 

coordinate values from ~7.400 Å  to ~21.400 Å . The biasing force constant applied in different 

windows of umbrella-sampling was 5.0 kcal/(molÅ 2)[14]. For each umbrella-sampling 

window, the initial complex structure was selected from the last snapshot of the PMF 

simulations of the previous window. The selected structure for each window was first 

equilibrated for 200 ps and then kept running for 800 ps for production sampling. The 

frequency for data collection was set to 1 fs, which was the same as that of the time step of the 

umbrella-sampling MD. After the umbrella-sampling MD simulations for all windows were 

completed, the data collected from separate simulation windows were combined along the 

reaction coordinate. These data were then used to calculate the PMF for the whole binding 

process with the weighed histogram analysis method (WHAM) [15, 16] using the code 

developed by Alan Grossfield (http://membrane.urmc.rochester.edu/Software/WHAM/WHAM.html).  

All of the MD and umbrella-sampling MD simulations were performed on a 

supercomputer (a DELL Cluster with 388 nodes or 4,816 processors) at the University of 

Kentucky’s Computer Center.   

   

Inhibitor 2AH                        Inhibitor 4AH 

Figure 2: Molecular structures of inhibitors 2AH/4AH. 
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Results and Discussion 

Free energy profiles of the HIV-1 Protease-2AH/4AH binding processes. As shown in 

Figure 3, based on our PMF simulations, the binding free energies of the two processes are 

-31.2kcal/mol and -30.9kcal/mol, respectively. These two values are very close (the former is 

only 0.3kcal/mol higher than the latter), although the details of the free energy profiles of 

these two systems are distinguishing apparently. We can imagine the binding progress which 

is inverse to our PMF simulations. From the starting point of the binding progress, 

corresponding to the reaction coordinate of about 12.5Å , the free energy profile of HIV-1 

Protease-2AH is steeper than that of HIV-1 Protease-4AH at first, but, after the point 

corresponding to the reaction coordinate of about 12.5Å , the free energy profile of HIV-1 

Protease-2AH is smoother than that of HIV-1 Protease-4AH, until the end of the binding 

process. 

As reported in previous literature, the experimental Ki for HIV-1 Protease-2AH and 

HIV-1 Protease-4AH is 12nM and 5nM [5], respectively. Considering the following formula: 

 ibind KRTExptG ln)(                            (2) 

We can calculate the free energy for each system. That is, -10.9kcal/mol for HIV-1 

Protease-2AH, and -11.4kcal/mol for HIV-1 Protease-4AH, respectively. Obviously, the 

experimental binding free energies for these two systems are very close, which is qualitively 

consistent with our PMF results. However, our computational values (-31.2kcal/mol and 

-30.9kcal/mol) are about three times of the experimental values (-10.9kcal/mol and 

11.4kcal/mol). The difference of the computations and experiments could be induced by the 

limitations inherent in the MD simulations and PMF simulations. 

In our earlier work, we have employed MMGBSA method, ignoring entropy, to 

determine the binding free energies for HIV-1 Protease-2AH and HIV-1 Protease-4AH. The 

binding free energy for HIV-1 Protease-2AH is -52.1kcal/mol, and that for HIV-1 

Protease-4AH is -62.0kcal/mol [6]. These results are in reasonable agreement with Peter V. 

Coveney’s results for the binding free energies of HIV-1 Protease-Atazanavir, -66.22kcal/mol, 

and HIV-1 Protease-Indinavir, -61.19kcal/mol [3]. Indeed, when synthesized, the inhibitors 

2AH and 4AH were structurallly related to both ataanavir and indinavir, which may lead to 

the proximity of the corresponding binding free energies. We can see that the MMGBSA 

calculated binding free energies are 5-6 times of the experimental results, less accurate than 

PMF results. 
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Figure 3: Simulated free energy profile of the HIV-1 Protease-2AH binding process in comparison with that 

of the HIV-1 Protease-4AH binding process. “PR” refers to HIV-1 Protease. The reaction coordinate was 

defined as the distance between the mass center of the non-hydrogen atoms of 2AH/4AH and the mass center 

of the non-hydrogen atoms of the two symmetric Asp25-Thr26-Gly27 catalytic triads of HIV-1 Protease.  

Conclusion 

Our results for binding free energies of HIV-1 Protease-2AH and HIV-1 Protease-4AH, 

computed by the PMF MD simulations, are 31.2kcal/mol and -30.9kcal/mol, respectively. The 

difference (~0.3kcal/mol) between 2AH and 4AH is negligible, which is qualitatively 

consistent with the very close experimental KM values of the HIV-1 protease for the two 

substrates (KM=12nM for 2AH and KM=5nM for 4AH). Moreover, we obtained the free energy 

profiles of the binding processes of HIV-1 Protease-2AH and HIV-1 Protease-4AH. Which is a 

characteristic of PMF MD simulation method outshining experimental methods and some 

other computational methods such as MMPB(GB)SA method. Our insights could benefit the 

development of novel HIV-1 Protease inhibitors. 
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