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Chemistry, University of Zululand, KwaDlangezwa, South Africa; cSchool of Chemistry and Physics, University of KwaZulu-Natal, Durban,
South Africa; dDepartment of Chemistry, University of Florida, Gainesville, Florida, USA

ABSTRACT
HIV-1 protease (HIV-1 PR) is an essential enzyme for the replication process of its virus, and therefore
considered an important target for the development of drugs against the acquired immunodeficiency
syndrome (AIDS). Our previous study shows that the catalytic mechanism of subtype B/C-SA HIV-1 PR
follows a one-step concerted acyclic hydrolysis reaction process using a two-layered ONIOM B3LYP/6-
31þþG(d,p) method. This present work is aimed at exploring the proposed mechanism of the prote-
olysis catalyzed by HIV-1 PR and to ensure our proposed mechanism is not an artefact of a single the-
oretical technique. Hence, we present umbrella sampling method that is suitable for calculating
potential mean force (PMF) for non-covalent ligand/substrate-enzyme association/dissociation interac-
tions which provide thermodynamic details for molecular recognition. The free activation energy
results were computed in terms of PMF analysis within the hybrid QM(DFTB)/MM approach. The theor-
etical findings suggest that the proposed mechanism corresponds in principle with experimental data.
Given our observations, we suggest that the QM/MM MD method can be used as a reliable computa-
tional technique to rationalize lead compounds against specific targets such as the HIV-1 protease.
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1. Introduction

In the quest for potential antiviral drugs for acquired
immune deficiency syndrome (AIDS), the crystal structures of

the active human immunodeficiency virus type 1 protease
(HIV-1 PR) and its mutants have been investigated possibly
more than any other protein structures (Rick, Erickson, &
Burt, 1998; Wlodawer & Erickson, 1993). The virus encodes an
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aspartic protease (Asp-PR) known as the HIV PR, which is
essential in replicating the infectious virus that causes AIDS
(Kohl et al., 1988; Navia et al., 1989; Veronese et al., 1985).
This enzyme catalyzes the cleavage of the viral Gag and
Gag-Pol polypeptides necessary for the final maturation pro-
cess for the HIV life cycle (Kohl et al., 1988; Navia et al., 1989;
Veronese et al., 1985). The inhibition of this process results in
the production of immature, non-infectious viral particles
(Chatfield, Eurenius, & Brooks, 1998; Roberts et al., 1990;
Weber, Cavanaugh, & Harrison, 1998; Wlodawer & Erickson,
1993). Early experiments (Coates et al., 2006; Hyland et al.,
1991; Northrop, 2001; Rodriguez, Angeles, & Meek, 1993) and
theoretical (Bjelic & Åqvist, 2006; Park et al., 2000; Piana
et al., 2004; Piana, Carloni, & Parrinello, 2002; A. M. Silva
et al., 1996; Trylska et al., 2004) studies of the HIV-1 PR have
found that the transition state (TS) analogs of this enzyme-

catalyzed reaction act as suitable inhibitors. Nevertheless,
over the past decades, there is no consensus on the mechan-
istic pathway for the HIV-1 PR cleavage reaction. The struc-
ture and protonation of the catalytic aspartate dyad are
ultimately linked to the HIV-1 PR mechanism’s uncertainty
and still a source of many scientific discussions (Krzemi�nska
et al., 2016; Lawal et al., 2020). However, the reaction mech-
anism has been classified into two major groups; the nucleo-
philic (Hsu et al., 1977; Stanton, Hartsough, & Merz, 1993)
and the general acid-general base (GA-GB) (Antonov et al.,
1978; Jask�olski et al., 1991; Lapatto et al., 1989; Park et al.,
2000; Trylska et al., 2004) process, with the latter being the
most upheld mechanism for aspartic proteases, especially for
HIV-1 PR (Scheme 2) (Antonov et al., 1978; Fruton, 1976;
Hyland et al., 1991).

Scheme 1. Proposed (a) stepwise and (b) concerted nucleophilic reaction mechanism for HIV-1 PR—substrate system (redrawn from literature Park et al., 2000)
involving a simplified peptide (HCONH2) and active site. The legends are: SNR¼ stepwise nucleophilic reactant, SNTS1¼ stepwise nucleophilic transition state 1,
SNINT¼ stepwise nucleophilic intermediate, SNTS2¼ stepwise nucleophilic transition state 2, SNP¼ stepwise nucleophilic product CNR=concerted nucleophilic
reactant, CNTS¼ concerted nucleophilic transition state, CNP¼ concerted nucleophilic product. All distances are in Å.
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These proposed mechanisms have been elaborated in our
reported work (Lawal et al., 2020; Lawal et al., 2019; Z. K.
Sanusi et al., 2019). In Summary, for the nucleophilic mech-
anism, the protonated catalytic Asp act as the nucleophile
(Weber et al., 1998), which attacks the carbonyl atom of the
scissile peptide (C—N) bond. This reaction yields either an
anhydride intermediate (stepwise nucleophile reaction,
Scheme 1a) or a transition state that leads to the product
(concerted nucleophilic reaction, Scheme 1b) (Boross et al.,
1999; Hsu et al., 1977). While, the general acid-base mechan-
ism (Scheme 2) includes the catalytic water acting as the
nucleophile, which attacks the carbonyl atom of the scissile
peptide (C—N) at the active site (Krzemi�nska et al., 2016;
Park et al., 2000). The reaction mechanism proceeds with the
nitrogen atom of the scissile unit accepting hydrogen from
the protonated Asp. At the same time, the catalytic water is
ionized by donating its proton to the unprotonated Asp, this

phase of the mechanism can either be a stepwise (Scheme
2a) or a concerted process (Scheme 2b) (Lawal et al., 2020;
Trylska, Bała, Geller, & Grochowski, 2002; Trylska et al., 2004).

In 1991, Jask�olski et al (Jask�olski et al., 1991) put forward
an experimentally supported perspective on the hydrolytic
mechanism of HIV-1 PR and a substrate. They proposed a
concerted catalytic model in which the nucleophilic water
and the electrophilic aspartate (an acidic proton) attack the
scissile bond synchronously. The reaction started with the
acidic proton at the OD2 aspartate attacking the N atom (in
proximal) of the approaching scissile unit. After the reaction,
the catalytic aspartates are still bound by the acidic proton,
which now resides between the inner OD1 atoms (Jask�olski
et al., 1991). Based on our understanding, we have summar-
ized this experimental process in Scheme 2b.

Regarding the concerted cleavage mechanism of HIV-1
PR, two theoretical investigations have reported transition

Scheme 2. Proposed (a) stepwise and (b) concerted general acid-base reaction mechanism for HIV-1 PR—substrate system, redrawn from literature(Lawal et al.,
2020). Structures along the pathway of the stepwise are indicated as follows: (1) enzyme—substrate complex; (2) water attack TS; (3) tetrahedral gem-diol inter-
mediate; (4) scissile N-protonation TS; (5) protonated amide intermediate; and (6) cleavage of scissile C-N bond TS leading to separated product complex.
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states with activation free energies of 30 (Park et al., 2000)
and 43.5 (Krzemi�nska et al., 2016) kcal mol�1. However, these
are higher values than experimental data found in the litera-
ture (Boross et al., 1999; Hyland et al., 1991; Kipp, Silva, &
Schramm, 2011; Rodriguez et al., 1993; T€ozs�er et al., 1996).
The feasibility of the concerted general acid-base model
involving a 6-membered ring TS with either one or two
water molecule(s), and an acyclic TS with one water mol-
ecule, was reported in our previous ONIOM based study
(Lawal et al., 2019). The concerted acyclic reaction mechan-
ism (Scheme 3) of HIV-1 PR was observed to give an optimal
basis for substrate cleavage (Lawal et al., 2019). Likewise, it
was revealed that a more extended peptide sequence was
necessary for favorable recognition (Z. K. Sanusi et al., 2019).
The computed activation free energy values from these stud-
ies (Z. K. Sanusi et al., 2020; Lawal et al., 2019; Z. K. Sanusi
et al., 2019) were found to be within the experimental range.

Studies of the HIV-1 PR structures show conformational
variances in the apoenzyme and a variety of substrate/lig-
and-bound enzymes (Rick et al., 1998; Schulz, 1991). Hence,

the energy difference between the different conformational
states is an important factor. Umbrella sampling (G. Torrie &
Valleau, 1977; G. M. Torrie & Valleau, 1974) has been applied
to study reaction rates from free-energy barriers by establish-
ing an appropriate reaction pathway (Rick et al., 1998). Once
the reaction path is known the potential mean force (PMF)
(Hazel & Gumbart, 2017) can be determined through a series
of windows and combined with either umbrella integration
(K€astner & Thiel, 2005) or the weighted histogram analysis
method (WHAM) (S. Kumar et al., 1992; Souaille &
Roux, 2001)

The application of the hybrid quantum mechanics/
molecular mechanics (QM/MM) combined with molecular
dynamics (MD) simulations have been used to study the
catalytic mechanism of enzyme—substrate, and enzyme—
intermediate complexes of the HIV-1 PR (Krzemi�nska et al.,
2016) and other related biological systems (Di Martino et al.,
2014; Di Palma, Bottaro, & Bussi, 2015; J. R. A. Silva et al.,
2015; J. R. A. Silva, Roitberg, & Alves, 2014; Tsukamoto et al.,
2018; Yildirim et al., 2013). This method provides improved

Figure 1. Graphical structure of the HIV-1 PR, showing the direction of the hydrogen at the catalytic active site, which includes the aspartates and peptide sub-
strate. The circled-out part is the area of the system treated at the QM (DFTB) level of theory, while the rest of the system is treated at the MM level of theory.
Free-energy plots, 3D-structures of ES, TSs, and PC are provided in the supporting information (SI), and these are listed in the table of content in the SI.

Scheme 3. Proposed concerted acyclic general acid-base reaction mechanism for HIV-1 PR—substrate system. The main difference between Scheme 2b and our
proposed TS is that the acidic Asp became basic while the de-protonated Asp becomes acidic.
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sampling in atomistic simulations by biasing potentials (one
or more dimensional) along a reaction coordinate to drive a
system from one thermodynamic state to another (reactant
to transition state or product) (K€astner, 2011; Rick
et al., 1998)

Similarly, the protonation state of the catalytic aspartates
(25/250) has been extensively studied (Meek et al., 1989;
Northrop, 2001; Piana et al., 2001; Piana & Carloni, 2000;
Smith et al., 1996). Ten possibilities (mono-protonation at dif-
ferent O2 of the Asp, di-protonation, un-protonated, low bar-
rier hydrogen) have been considered in the past (Lawal
et al., 2020). Nevertheless, the choice of protonation herein
was influenced by Meek et al (Hyland et al., 1991; McGee,
Edwards, & Roitberg, 2014) who demonstrated that the pKa
of one of the catalytic Asp increases to 5.2, while the other
is 3.1 when bound to a substrate/inhibitor. This pKa value
suggests that the catalytic aspartate group at the active site
is mono-protonated (Adachi et al., 2009; Wang et al., 1996)

The catalytic process in this study follows a concerted
general acid-base mechanism with a mono-protonation of
the catalytic aspartate at the active site (Z. K. Sanusi et al.,
2020; Z. Sanusi et al., 2017; Z. K. Sanusi et al., 2018; Z. K.
Sanusi et al., 2019). We applied a hybrid QM/MM MD
umbrella sampling method to study the details of the con-
certed acyclic catalytic mechanism of the HIV-1 PR. In the
QM/MM methodology, a part of the system (active site and
the natural substrate) is described by quantum mechanics,
while classical mechanics describes the remaining part (the
whole system). The SCC-DFTB (Elstner et al., 1998) method is
used to describe the QM region of the system, and this
method has not only demonstrated an accurate level of the-
ory for describing the energetics of chemical reactions
(Woodcock, Hodoscek, & Brooks, 2007). It has also been
established for large biological systems yielding minimum
energy path results in good agreement with a high level of
theory such as MP2 (Barnett & Naidoo, 2010). To ensure that
the calculation is not an artefact of a single enzyme—sub-
strate system, two PRs, HIV-1 subtype B complexed with a
natural substrate (NC-p1), is set as the standard/control. Also,
subtype C-South Africa (C-SA) HIV-1 PR complexed with three
natural substrates Matrix-capsid (MA-CA), nucleocapsid-p1
(NC-p1), and protease-reverse transcriptase (PR-RT) were
all considered.

Herein, a concerted acyclic TS reaction mechanism of the
HIV-1 PR—substrate involving one water molecule with a
more extended natural substrate sequence (P5-P50) from our
previous ONIOM report was employed (Z. K. Sanusi et al.,
2020; Lawal et al., 2019; Z. K. Sanusi et al., 2019). Both the
catalytic water molecule and the Asp (25/250) dyad are
involved in the reaction mechanism, the protonated Asp
becomes basic by losing its proton, and the unprotonated
Asp gains a proton and becomes acidic (Scheme 3). Since
the active enzyme and its mutants recognize and cleave the
same polypeptide precursors, this study aimed to explore
the proposed mechanism of proteolysis catalyzed by HIV-1
PR via QM/MM umbrella sampling technique with an
adequate reaction coordinate. The method involves simula-
tions with restraining potentials based on a known

estimation of the free energy profile derived mainly from
experimental data. The present work intends to provide
more information on the mechanistic landscape of the HIV-1
PR system. Figure 1 demonstrates the HIV-1 PR structure,
showing graphical details of the catalytic Asp (25/250) at the
active site and a natural substrate. The recognition sequen-
ces cleaved by the HIV-1 PR is provided in Table S1 of the
supporting information (SI).

2. Computational methods

2.1. Structure preparation of the HIV-1 natural
substrate complexes

The initial X-ray coordinates of the subtypes B and C-SA HIV-
1 PR were obtained from the Protein Data Bank (PDB code:
2P3B resolution of 1.8 Å (Kempf et al., 1990) and 3U71 at
2.7 Å resolution (Naicker et al., 2013) respectively), which con-
tain a bound inhibitor fragment. These bound-inhibitors
were exchanged for three of the HIV-1 natural substrates
(MA-CA, PR-RT, and NC-p1) also derived from PDB bank
code: 1KJ4, (Prabu-Jeyabalan et al., 2002) 3OU3, (Z. Liu et al.,
2011) and 1TSU (Prabu-Jeyabalan et al., 2004) (Table S1)
respectively. The contribution of water is an essential aspect
for the HIV-1 PR proteolysis; therefore, a catalytic water mol-
ecule close to the active binding site of HIV-1 PR was taken
from PDB code:1LV1 (M. Kumar et al., 2002). Our model com-
plexes used in this study were obtained by overlaying the
crystal structures of both subtypes B, and C-SA HIV-1 PR with
the natural substrates and catalytic water using the same
superimposition method explained in our previous papers
(Z. Sanusi et al., 2017; Z. K. Sanusi et al., 2018). The root
mean square (RMS) values for the overlaid substrates after
superimposition ranged between 1.2-1.5 Å, and was meas-
ured using PyMOL (DeLano, 2002), which helps in evaluating
how well the substrates are overlaid in the enzyme—sub-
strate complex systems. An optimal superimposition is con-
sidered satisfactory if the RMS is less than 2Å (Cole et al.,
2005; Gohlke, Hendlich, & Klebe, 2000; Kontoyianni et al.,
2004). Hence, the complexed natural substrates are well
superimposed and maintain the same position at the active
binding sites of the subtype B/C-SA HIV-1 PR as the substi-
tuted inhibitors. The structures of all the enzyme—substrate
systems were refined by removing all non-related enzyme
atoms from the complexes except for the catalytic water at
the active site. These enzyme—substrate (ES) models serve
as a starting structure for all calculations carried out in
this study.

As earlier mentioned, a significant area of debate in mod-
eling the HIV PR is the protonation state of the catalytic Asp
(25/250) at the active binding site, and this has been dis-
cussed at length in the literature (Garrec, Sautet, & Fleurat-
Lessard, 2011; Kontoyianni et al., 2004; Sussman et al., 2013).
Herein, the protonation states for catalytic aspartates and
other residues were accurately assigned at pH 7 using the
empirical propKa (Li, Robertson, & Jensen, 2005) server by
recalculating the standard pKa values of titratable amino
acids. As a result, a mono-protonation model of the catalytic
aspartate at the binding site was adopted, and also for the
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majority of related studies (Jask�olski et al., 1991; Krzemi�nska
et al., 2016; H. Liu, M€uller-Plathe, & van Gunsteren, 1996;
Park et al., 2000; Piana & Carloni, 2000). The charge of the
natural substrate was determined using the restrained elec-
trostatic potential (RESP) method by applying the HF/6-31G�
level of theory/basis set using the Gaussian16 package
(Frisch et al. 2016).

To prepare the enzyme—substrate complexes for MD sim-
ulations and the free energy calculations, the proton (Hþ) of
the protonated Asp in the ES system complexes is positioned
midway to facilitate its donation to the nitrogen atom of the
scissile peptide bond. This position has been measured to be
energetically stable via MD simulations (Fakhar et al., 2017)
Subsequently, missing atoms were added to the system com-
plexes using the Leap module as implemented in the AMBER
18 molecular dynamics package (Case et al., 2018). All the
enzyme—substrate systems considered were solvated in an
octahedral box of TIP3P (Jorgensen et al., 1983) water mole-
cules, extending 12Å outside the protein on all sides.
Chlorine ions (Cl-) were positioned around the protein to
ensure the system is neutralized; the protein and natural
substrate were described using the AMBER force field 99SB
(Hornak et al., 2006).

The ES system complexes were initially energy-minimized
by performing minimization at 5000 steps (of each steepest
descent and conjugate gradient methods) with a 20 kcal
mol�1.Å�2 restraint applied to only the backbone of the pro-
tein and natural substrate peptide residues. The system is then
gradually heated from 0 to 300 K using the Langevin thermo-
stat (Pastor, Brooks, & Szabo, 1988) at a constant volume, over
1000 ps, with a restraint of 10 kcal mol�1.Å�2 on the backbone
atoms. Afterward, the system was equilibrated at constant
pressure for 1000 ps at 300 K with 5 kcal mol�1.Å�2 harmonic
restraints and subsequently relaxed with weak restraints of
2 kcal mol�1.Å�2 on the backbone atoms. All minimizations,
heating, and equilibration simulation steps utilized a non-
bonded cutoff of 8 Å. The long-range Coulomb forces were cal-
culated using the particle mesh Ewald (PME) method, and the
time step was set to 2 fs, the SHAKE algorithm (Ryckaert,
Ciccotti, & Berendsen, 1977) was used to constrain the bond
length between heavy atom and hydrogen atoms to its equi-
librium value during the MD simulations.

2.2. Umbrella sampling and free energy calculations

For the hybrid QM/MM MD calculations, the catalytic water and
Asp 25/250, with the peptide amino acid residues at the scissile
bond (P1-P10) were selected at the QM region (a total of 62
atoms) for the ES complexes, only MA-CA has 63 atoms. The
QM region is described using the self-consistent charge density-
functional tight-binding (SCC-DFTB) Hamiltonian (Seabra et al.,
2007) as implemented in AMBER18 (Case et al., 2018). To satisfy
the valence of the QM/MM boundary atoms, link atoms were
placed in the substrate peptide and the catalytic aspartates’ res-
idues (Figure 1). The rest of the system (protein and water mole-
cules), as mentioned earlier, is described using the AMBER
ff99SB (Hornak et al., 2006) and TIP3P (Jorgensen et al., 1983)
force fields, respectively.

The free energy profile for the reaction mechanism catalyzed
by HIV-1 PR (subtypes B/C-SA) was first evaluated with steered
molecular dynamics (SMD) (Jarzynski, 1997a, 1997b) to sample
the reaction path and drive the reaction process to completion.
Afterward, the QM/MM MD umbrella sampling was performed.
The SMD method is very similar to the umbrella sampling in
which the restraint center is time-dependent, by integrating the
force over distance or time, a generalized simulation can be per-
formed (Case et al., 2018). To set up this feature for the SMD
method, the NMR-specific option (nmropt) in the umbrella run
is replaced with ‘jar’, which are used to generate the distance
restraints based on the reference coordinates in both instances.
The reaction coordinate (RC) for the acylation step that was
chosen came from our previous study (Z. K. Sanusi et al., 2020;
Lawal et al., 2019; Z. K. Sanusi et al., 2019 ), having observed a
lower energy barrier in the concerted acyclic TS reaction mech-
anism involving one water molecule. The RC involves the break-
ing of the C-N at the scissile region and Oasp-Hasp bonds, and
the formation of HOwat-C and N-Hasp bonds, hence, the acyclic
TS step is defined as; RC ¼ d(C-N) þ d(Oasp-Hasp) – d(HOwat-C) –
d(N-Hasp) (see Figure 2, Scheme 3).

The simulation starts by sampling the RC from �4.00 Å to
þ4.00 Å using SMD calculation for 50 ps. Then, structures were
obtained at every 0.75 ps from the trajectories produced with
the SMD simulation, which serves as the initial configuration
for each window in the umbrella sampling. Later, we perform
an umbrella sampling of 100 ps, and the scan was done in

Figure 2. Proposed concerted acyclic general acid-base reaction mechanism for HIV-1 PR—substrate system. Showing the distances in the chosen reaction coordi-
nates, from the ES to TS and product complex for one of the enzymes—substrate complex. Values are reported in Å.
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steps of 0.12 Å on each window with the structure generated
through the SMD simulation. The outputs of each MD in the
sampled umbrella window serve as the initial/starting struc-
ture to perform the next one for which the RC’s value is
restrained to the next position. All the QM/MM MD simulations
were carried out, restraining the reaction coordinate distance
at a 100 kcal mol�1.Å�2 force constant of harmonic potential.
The free energy curve was obtained by unbiasing the system
along the reaction coordinate through variation free energy
profile (vFEP) developed by Lee et al. (Lee et al., 2013). 2014;

3. Results and discussion

3.1. The concerted acyclic general acid-base catalytic
mechanism of HIV-1 PR

Recent computational research (Z. K. Sanusi et al., 2020;
Lawal et al., 2020; Lawal et al., 2019; Z. K. Sanusi et al., 2019)
from our group has buttressed the feasibility of the earlier
suggested (Jask�olski et al., 1991) existence of the concerted
process (Scheme 2b). Based on our previous theoretical

investigations (Z. K. Sanusi et al., 2020; Lawal et al., 2019; Z.
K. Sanusi et al., 2019), we have applied the umbrella sam-
pling algorithm to explore the proposed concerted process
(Scheme 3). The outcome follows the general acid-base
model in a synchronous mechanism in which water donates
one of its protons to the unprotonated Asp25, and the pro-
tonated Asp25 loses its proton to the scissile nitrogen atom;
thus, the initial acidic Asp becomes basic and vice versa.
Meanwhile, the nucleophilic water (OH) attacks the scissile
carbon resulting in substrate cleavage (Scheme 3). In the
concerted acylation mechanism (Scheme 3, Figure 2), gener-
ally, three major types of conformational states occurred.
One is the formation of the HOwat-C bond, the d(HOwat-C)
decreases considerably from 3.40Å in ES to 2.61 Å in TS, and
then to 1.30 Å in product complex (PC). This indicates the
nucleophilic attack of the OH group of water on the carbonyl
carbon (C) of the peptide at the scissile bond.

Another significant conformational change is the cleavage
of the C-N bond. The d(C-N) increases from 1.38Å in ES to
1.50 Å in the transition state model, and then to 2.83 Å in PC,
which indicates the breaking of the natural substrate’s

Figure 3. (a) Free energy profile for the concerted acyclic mechanism of subtype B HIV-1 PR with NC-p1 natural substrate. (b) 3D structures of enzyme—substrate
(ES), transition state (TS), and product complex (PC) for the acyclic mechanistic process taken from trajectories. Free-energy plots, 3D-structures of ES, TSs, and PC
are provided supporting information (SI), and these are listed in the table of content in the SI.
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peptide bond. The last occurrence is the proton transfer
from the protonated aspartate (Hasp) to the nitrogen atom
(N) of the substrate at the scissile bond, the d(N-Hasp) and
d(Oasp-Hasp), respectively, changes from 3.02 and 1.03 Å in ES
to 1.30 and 1.48 Å in TS, and then to 1.07 and 2.22 Å in PC.
The measured distances are summarized in Table 1, S2, S3,
and S4 for all the enzyme—substrate complexes considered.

The plausibility of this mechanistic process was evaluated by
calculating the activation free energy (DG‡) value associated
with each transition state (TS) structure of the respective com-
plex system (Table 2). It was noticed that the DG‡ obtained
from the umbrella sampling approach is between 14.2 and
24.7 kcal mol�1. The calculated values follow the same trend as
experimental results (Feh�er et al., 2002; Lawal et al., 2019;
Maschera et al., 1996) and previously calculated values (Z. K.
Sanusi et al., 2020) in which an ONIOM approach was used. The
overall reaction process (Figures 3a and 4a) is exergonic with
negative free energy values for the product complexes (PC).

3.2. Free energy analysis

It should be noted that since the active enzyme cleaves the
same scissile precursor as its mutant, the computed results

(Table 2) were compared to the activation free energies of
the HIV-1 PR found in the literature (Feh�er et al., 2002; Lawal
et al., 2019; Maschera et al., 1996). For the subtype B—NC-p1
system, DG‡ of 18.3 kcal mol�1 was obtained for the cleavage
of the scissile bond Phe�Asn (Table 2, Figure 3b), which is
�0.4 kcal mol�1 lower than experimental HIV-1 PR hydrolysis
data of the same substrate. (Feh�er et al., 2002; Lawal et al.,
2019; Maschera et al., 1996)

However, the subtype C-SA—NC-p1 system gave a higher
value of 24.7 kcal mol�1, approximately 6 and 2.1 kcal mol�1

greater than experimental (subtype B HIV-1 PR) and

Figure 4. (a) Free energy profile for the concerted acyclic mechanism of subtype C-SA HIV-1 PR with MA-CA natural substrate. (b) 3D enzyme—substrate (ES), tran-
sition state (TS), and product complex (PC) for the acyclic mechanistic process taken from trajectories. Free-energy plots, 3D-structures of ES, TSs, and PC are pro-
vided in supporting information (SI), and these are listed in the table of content in the SI.

Table 1. Averaged distances for ES, TS, and PC structures for the concerted
mechanism obtained by DFTB/MM 1D-PMF (Umbrella sampling) for subtype
C-SA—MA-CA complex.

DFTB/MM ES TS PC

d(HOwat-C) 3.40 2.61 1.30
d(C-N) 1.38 1.50 2.83
d(N-Hasp) 3.02 1.30 1.07
d(Oasp-Hasp) 1.03 1.48 2.22

Values are reported in Å. Provided in the supplementary information is the
table for the average distances for ES, TS, and PC of the remaining considered
complexes. Free-energy plots, 3D-structures of ES, TSs, and PC are provided in
the supporting information (SI), and these are listed in the table of content in
the SI.
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previously calculated data (Z. K. Sanusi et al., 2020) respect-
ively. This could be as a result of the eight-point mutation
that occurs in the subtype C-SA HIV-1 PR. Likewise, NC-p1
natural substrate has been suggested to have the slowest
mechanistic process as well as being the rate-limiting cleav-
age step in the maturation of Gag. (Prabu-Jeyabalan et al.,
2006) It is noticeable from all components in Table 2 that
this system (C-SA—NC-p1) produced the highest DG‡ values
for both calculated theoretical methods. Hence, it could be
that our calculated result is accurate but needs experimental
verification for HIV-1 subtype C-SA PR. From the analysis of
the calculated DG‡ obtained through an enhanced sampling
approach herein, it is tenable to say that the computed val-
ues are comparable with experimental results. Therefore, the
the theoretical mechanism gives a reasonable description of
reality. Future studies will involve advanced computational
techniques to determine if alternative (stepwise) routes
do exist.

The product complexes gave free energy values within
�18 to �2.5 kcal mol�1 (Table 2), thus indicating that the
entire mechanism is energetically favorable. Provided in
Figure 3a is the free energy pathway involving subtype B
catalysis of NC-p1, showing the scanned reaction coordinates
for the acyclic TS model. The zoomed-in structural details of
the reaction center are provided in Figure 3b. The free
energy profile for the concerted acyclic mechanism of sub-
type C-SA HIV-1 PR cleavage of MA-CA natural substrate is
also provided in Figure 4a with the 3D moieties along its
reaction path, Figure 4b.

4. Conclusion

The enzymatic mechanism catalyzed by HIV-1 PR in the pres-
ence of its natural substrate was the focus of this study. The
mechanism of the proteolysis catalyzed by subtype B/C-SA
HIV-1 PR proposed in our previous ONIOM study is explored
and this is described utilizing enhanced umbrella sampling
calculations at a hybrid DFTB/MM level of theory. Based on
the results obtained, we were able to compute a complete
profile of the possible reaction pathway that corresponds to
the proposed concerted acylation mechanism. The reaction
process is synchronous and involves a nucleophilic attack
from the catalytic water on the carbonyl atom of the scissile
bond and a concurrent proton transfer from the protonated

catalytic Asp25 to the nitrogen atom of the scissile bond
which results in substrate’s peptide bond cleavage.

The present investigation provides a single rate-limiting
step with a computed free energy barrier of 14.2, 24.7 (18.3
for subtype B—NC-p1), and 15.5 kcal mol�1 for the cleavage
of MA-CA, NC-p1, and PR-RT by subtype C-SA, respectively.
These calculated energies correspond well with the experi-
mental data for the above natural substrates catalyzed by
HIV-1 protease. Since these calculations require moderately
high computational cost (long MD simulations), we were
restricted to performing a 1-dimensional calculation.
However, the accuracy of the results in comparison with
experimental data is reasonable; the present investigation
shows that the QM/MM MD umbrella sampling is a viable
method to predict the free energy barrier. The applied
approach requires fewer parameters, convergence is easy to
achieve with minimal or no error, and the reaction pathway
can be easily determined. However, the system setup and
the appropriate choice of the RC along which the simulation
is biased and can be challenging to ascertain.

In contrast, the ONIOM calculation in principle has a
straightforward calculation setup but the number of input
parameters and errors makes achieving convergence more
difficult and time-consuming. Nevertheless, both theoretical
techniques have proved to give results that are comparable
to experimental data. Since umbrella sampling is one of the
most applied methods to calculate free energies along a
reaction pathway relative to certain reaction coordinate, it
can be concluded that the reaction mechanism catalyzed by
HIV-1 PR follows the proposed one-step concerted process.
The plausibility of the mechanism (Scheme 3) has been
established using a multidimensional theoretical approach
with substantial outcomes.

Most HIV-1 PR inhibitors are developed to resemble the
molecular structure that occurs during the chemical process,
particularly the transition state model. We believe electronic
modification of the amide bond is possible (for example, via
N-methylation)(Rauf et al., 2015), and the QM/MM MD
umbrella sampling technique will be useful to determine if
the activation energy for hydrolysis increases. If the activa-
tion energy of the ‘scissile’ bond of a natural peptide can be
sufficiently increased, it may potentially be used as sub-
strate-based inhibitors (with limited toxicity and side effects)
for HIV-1 PR and other enzymes.
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Table 2. Free energy value of the concerted acyclic general acid-base cleav-
age mechanism of the natural substrate by HIV-1 PR (subtypes B and C-SA)
using QM(DFTB)/MM MD (Umbrella sampling).

B—NC-p1 C-SA—MA-CA C-SA—NC-p1 C-SA—PR-RT

DG‡ 18.3 14.2 24.7 15.5
PC �8.0 �18.0 �4.6 �2.5
DGo‡ 19.7 13.5 22.6 16.4
DGe‡ 18.7 15.7 18.7 15.8

Values are reported in kilocalories per mole (kcal mol�1).
DG‡¼ calculated activation free energy (Umbrella sampling), PC product com-
plex, DGo‡¼ computed activation free energy from previous paper using
ONIOM approach (Z. K. Sanusi et al., 2020), DGe‡¼ experimental activation
free energy from literature for subtype B HIV-1 PR (Feh�er et al., 2002; Lawal
et al., 2019; Maschera et al., 1996). Free-energy plots, 3D-structures of ES, TSs,
and PC are provided in supporting information (SI), and these are listed in the
table of content in the SI.
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