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Abstract: Peptide hydrolysis has been involved in a wide range of biological, biotechnological, 

and industrial applications. In this perspective, mechanisms of three distinct peptide bond 

cleaving enzymes, beta secretase (BACE1), insulin degrading enzyme (IDE), and bovine lens 

leucine aminopeptidase (BILAP) have been discussed. BACE1 is a catalytic Asp dyad [Asp, 

Asp-] containing aspartyl protease, while IDE and BILAP are mononuclear [Zn(His, His, Glu)] 

and binuclear [Zn1(Asp, Glu, Asp)-Zn2(Lys, Glu, Asp, Asp)] core possessing metallopeptidases, 

respectively. Specifically, enzyme-substrate interactions and the roles of metal ion(s), ligand 

environment, second coordination shell residues, and protein environment in the functioning of 

these enzymes have been elucidated. This information will be useful to design small inhibitors, 

activators, and synthetic analogues of these enzymes for biomedical, biotechnological, and 

industrial applications.   
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1. Introduction 

The selective hydrolysis of the amide bond (-(O=)C-NH-) of proteins and peptides plays critical 

roles in several key biological functions such as blood coagulation, immune function, bone 

formation, programmed cell death, and digestion of proteins.1-3 Due to these roles, this process 

has been implicated in numerous life-threatening diseases such as diabetes, cancer, high blood 

pressure, AIDS, and Alzheimer's disease.4-6 Peptide hydrolysis is also involved in a wide range 

of biotechnological applications such as protein footprinting,7 protein engineering,8 and 

bioethanol production.9 In nature, this formidable task is accomplished by specialized enzymes 

known as proteases or peptidases.10-13 Additionally, proteases (cleave peptide bonds of proteins 

and large peptides) or peptidases (break peptide bonds of short peptides) constitute about 60% of 

all enzymes that are utilized in textile, food, leather, paper, and ethanol production industries.9 

Peptide bonds are extremely stable and exhibit a half-life for hydrolysis of 350-600 years at 

room temperature and pH = 4-8.14 There exist more than 500 different proteases in a human 

body.15, 16 Based on the mechanism by which these enzymes cleave peptide bonds, they can be 

classified into six classes: (1) serine proteases, (2) cysteine proteases, (3) threonine proteases, (4) 

glutamic proteases, (5) aspartyl proteases, and (6) metalloproteases. Enzymes that constitute the 

first five subfamilies utilize organic functional groups, while the enzymes belonging to the last 

subfamily commonly use either a mono- or binuclear metal center to hydrolyze their substrates. 

Furthermore, cysteine, serine, and threonine proteases catalyze proteolysis utilizing mechanisms 

independent of water, while aspartyl, glutamic, and metalloproteases use water for peptide 

hydrolysis.17-21
 In this perspective, we will focus on three distinct members of the aspartyl and 

metalloproteases families; beta secretase (BACE1), insulin degrading enzyme (IDE), and bovine 
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lens leucine aminopeptidase (BILAP) with particular emphasis on our work in the field. As 

discussed below, BACE1 and IDE are two critical proteases that have been implicated in 

Alzheimer’s disease (AD).  

The active site of BACE1 contains a catalytic Asp dyad [Asp, Asp-], while the active sites of 

IDE and BILAP possess a mononuclear Zn(N2O) [Zn(His, His, Glu)] and binuclear Zn1(O4)-

Zn2(NO3) [Zn1(Asp, Glu, Asp)-Zn2(Lys, Glu, Asp, Asp)] core, respectively (Figure 1). BACE1 

is a type I integral membrane protein that catalyzes proteolysis of a large number (~80) of 

proteins that play critical roles in several cellular and sub-cellular pathways.22, 23 This enzyme is 

well known for catalyzing the rate-limiting steps of the generation of Alzheimer amyloid beta 

(Aβ) peptides.13, 24, 25 The inhibition of this enzyme has widely been acknowledged as a 

promising target for the treatment of AD.26-31 There are 681 crystal structures of aspartyl 

proteases in the Protein Data Bank and 344 of them are of BACE1. These X-ray structures 

suggest that the N-terminal domain of BACE1 that is responsible for the activity displays 30% 

sequence identity to other members of this family such as pepsin, renin, and cathepsin D. The 

catalytic [Asp, Asp-] dyad at the active site is also involved in the functioning of the entire family 

of aspartyl proteases.32-39 However, IDE is an endometallopeptidase that catalyzes the 

degradation of several amyloidogenic substrates like insulin, Aβ, amylin, and glucagon.40 Due to 

a common link between insulin and Aβ, patients with type 2 diabetes are under an increased risk 

of AD.41, 42 Thus, the inhibitors and activators of this enzyme are potential targets for the 

treatment of diabetes and AD, respectively.41 The crystal structures and site-directed mutagenesis 

studies have demonstrated that the [Zn(His, His, Glu)] core containing active site of IDE has also 

been observed for other members of this family such as thermolysin (TLN) and 
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carboxypeptidase A.43-50 On the other hand, a binuclear core [Zn1(Asp, Glu, Asp)-Zn2(Lys, Glu, 

Asp, Asp)] possessing BILAP is an exometallopeptidase that prefers to hydrolyze a leucine 

residue located at the N-terminus in a di- or tripeptide sequence, but it is also capable of 

hydrolyzing other amino acids as well.51 This enzyme is extremely prevalent and found in 

humans, animals, bacteria, and plants.52, 53 BILAP has been implicated in HIV, cancer, cataract, 

and cystic fibrosis.54 Due to their structural and catalytic properties, BACE1, IDE, and BILAP 

serve as model systems to study aspartyl and metalloproteases.10, 11, 13, 51, 54, 55 

 

2. Beta Secretase (BACE1) 

To date, approximately 344 X-ray structures of BACE1 (apo form and co-crystal with inhibitors) 

have been resolved. They showed that the N-terminal domain of BACE1 that is responsible for 

the catalytic activity exhibits 30% sequence identity to other members of this family such as 

pepsin, renin, and cathepsin D plus possesses a common fold. These structures also confirmed 

the presence of the catalytic dyad (Asp32 and Asp228) at the center of the active site of 

BACE1.56, 57 A conserved water molecule required for the hydrolysis is also located adjacent to 

the Asp dyad (Figure 2).58 This dyad has been implicated in the catalytic functioning of the entire 

family of aspartyl proteases.5, 20, 59-64 It is enclosed by an anti-parallel hairpin-loop that resembles 

a flap (Figure 2). This flap plays a crucial role in the gating mechanism that is utilized by most 

aspartyl proteases.65-67 According to this mechanism, the flap opens to allow the entry of the 

substrate into the active site and guides it towards the Asp dyad for hydrolysis. BACE1 cleaves 

the Met671-Asp672 amide bond of amyloid precursor protein (APP), referred to as wild-type 

(WT) substrate, at the extracellular space and initiates the formation of Alzheimer Aβ 
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peptide(s).26, 28, 29 A double mutant in the N-terminus region of APP (Lys670 → Asn and Met671 

→ Leu), the Swedish (SW) substrate, has been reported to enhance the activity of BACE1 by 

sixty-fold.68, 69 Here, an outstanding issue was whether the preferential binding of the SW-

substrate to BACE1 contributes to its increased activity with respect to the WT-substrate.  

 

2.1. BACE1-substrate (WT and SW) interactions 

To address this issue, the interactions of BACE1 with the WT- and SW-substrate were 

investigated using their octapeptide models (Glu-Val-Lys-Met-Asp-Ala-Glu-Phe and Glu-Val-

Asn-Leu-Asp-Ala-Glu-Phe, respectively) through all-atom MD simulations.64 These simulations 

were performed utilizing the OPLS-AA70, 71 force field in an explicit TIP4P72 water model using 

the GROMACS program.73, 74 They were performed on the four different structures [apo 

BACE1, WT-BACE1, SW-BACE1, and an inhibitor (compound 11 (C11), PDB ID: 2qmg) 

bound BACE1.75 The structures derived from MD simulations were validated by comparing the 

positions of the flap and 10s loop and the orientation and interaction of the inhibitor from the 

compound C11-BACE1 simulation with the corresponding X-ray structure. Additionally, the 

computed root mean square deviations (rmsd) and B-factors of the Cα atoms were used to 

confirm the accuracy of the equilibrated structures. It was found that the flap closed around 3 ns 

in the presence of both WT- and SW-substrate at the active site. However, it periodically opened 

and closed in the apo form. In the BACE1-WT simulation, interaction between the Glu residue 

of the substrate and Arg307 of BACE1 was lost and the Glu residue interacted with the Lys 

residue of the substrate. In a site-directed mutagenesis study, the loss of this interaction was also 

reported to diminish the enzymatic activity.76 It is quite remarkable that the loss of this single 
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Glu-Arg307 interaction was observed in our MD simulations. The extent of the flap closing for 

both substrates was compared by using three key inter-atomic distances (Cα(Thr72)-Cβ(Asp32), 

Cα(Thr72)-Cα(Thr329) and OG1(Thr72)-NH1(Arg235)) and the volume of the active site as 

parameters. It was found that the flap was more closed and the active site was more confined 

upon the binding of the SW-substrate in comparison to the WT-substrate. Inside the active site, 

the SW-substrate formed approximately two times (8-10) more hydrogen bonds than the WT-

substrate and the nature of hydrophobic interactions was also different. The structures and 

positions of the inserts A, D, F, and the 10s loop regions of the enzyme were also substantially 

different upon the binding of these two substrates. All these structural differences explicitly 

indicated that, in comparison to the WT-substrate, BACE1 demonstrated greater affinity for the 

SW-substrate and arranged it in a more bioactive conformation. 

 

2.2. Catalytic mechanism of BACE1  

Another major unresolved issue regarding the difference in BACE1 activity towards WT- and 

SW- substrate was the energetic preference for the hydrolysis of the latter over the former. To 

study this question, the hydrolysis of both WT- and SW-substrates by BACE1 was investigated 

using two different computational approaches. In the first approach [pure quantum mechanics 

(QM)], the most representative structures derived from the BACE1-WT and BACE1-SW MD 

simulations were utilized to develop pruned models of the enzyme-substrate complexes. These 

structures were used to investigate mechanisms of hydrolytic cleavage of both substrates through 

density functional theory (DFT).64 In this approach, electrostatic and steric effects of the protein 

surrounding were missing. However, in the second approach [hybrid quantum 
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mechanics/molecular mechanics (QM/MM)], these effects were incorporated using the two-layer 

ONIOM method by including the whole protein within models.77 

 BACE1 has been proposed to use a general acid-base mechanism for peptide hydrolysis 

(Figure 3).20 This mechanism was initially theoretically studied at the ab-initio level using simple 

models.78-80 In the last few years it has been investigated for the HIV protease,5, 59-62  presenilin 

(PS1),63 and BACE164, 77 using more accurate models of their active sites. The X-ray and neutron 

diffraction data showed that one of the Asp residues of the catalytic dyad was protonated and the 

second one was unprotonated.81-84 In the first step, from the reactant (I), the unprotonated 

Asp228 functioned as a base and abstracted a proton from the neighboring conserved water 

molecule. The hydroxyl (OH-) nucleophile created in this process concomitantly attacked the 

carbonyl carbon of the scissile peptide bond. In this process, Asp32 acted as an acid and in a 

concerted manner donated its proton to the carbonyl oxygen atom of the peptide bond to create 

the gem-diol intermediate (II). Here, it is quite remarkable that Asp228 (pKa value of a free Asp 

residue ≈ 4.2) pulled a proton from a water molecule (pKa value of a free water ≈ 14.0) to 

generate the hydroxyl ion. This process requires significant shifts in the pKa values of Asp228 

and the water molecule.85, 86 Currently, the cause and extent of alterations in these pKa values by 

the microenvironment of BACE1 are not clear. In II, two hydroxyl groups were bound to the 

carbonyl carbon atom of the peptide bond. According to the DFT calculations, the formation of 

this intermediate occurred through a barrier of 22.4 kcal/mol and 19.1 kcal/mol for the WT- and 

SW-substrate, respectively (Figure 4b). From I, II was 15.9 and 8.2 kcal/mol endothermic for the 

WT- and SW-substrate, respectively. In comparison to II, the barrier for the creation of the 

oxyanion species [C(OH)(O-)] in this step was found to be higher by 36.4 kcal/mol.63  
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In the next step, both Asp residues switched their roles.81-83 Asp32 now functioned as a 

base and pulled a proton from the hydroxyl group (–OH) of II. Here, Asp228, that acted as a 

base in the first step, played the role of an acid by donating its proton to the amide nitrogen atom 

(-NH) of the scissile peptide bond. This concerted process led to the cleavage of the peptide bond 

and separated amine (–NH2) and carboxyl (–COOH) terminals (III) were generated. In this step, 

the cleavage of the peptide bond proceeded through a barrier of 17.1 and 9.8 kcal/mol for the 

WT- and SW-substrate, respectively (Figure 4b). The DFT calculations predicted that the 

formation of the gem-diol intermediate was the rate-determining step of the entire mechanism for 

both substrates and the barrier for the SW-substrate was 3.3 kcal/mol lower than the WT-

substrate. This barrier (19.1 kcal/mol) was found to be in excellent agreement with the measured 

barrier (kcat = 2.45 s-1) of ~18.0 kcal/mol for this substrate.87            

 

In the hybrid QM/MM approach, the barriers for the generation of the gem-diol intermediate in 

the first step were reduced by 2.8 and 3.2 kcal/mol (19.6 and 16.1 kcal/mol from the reactant) for 

the WT- and SW-substrate, respectively (Figure 4b).77 The gem-diol intermediate for the SW-

substrate (10.0 kcal/mol) was also 4.7 kcal/mol lower in energy than for the WT-substrate (14.7 

kcal/mol). These changes in the computed energetics were caused by the alterations in the 

reaction coordinates and microenvironment of the active site and were not due to the long-range 

structural modifications in the enzyme. In the next step, the barrier for the cleavage of the 

peptide bond was increased by 4.8 and 8.0 kcal/mol for the WT- and SW-substrate, respectively 

in the QM/MM calculations (21.9 and 17.2 kcal/mol, respectively from the reactant). The 
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inclusion of the steric and electrostatic effects of the protein surrounding on the energetics 

rendered the second step as the rate-determining of the entire mechanism. This result was in line 

with recent crystallographic88 and Car-Parrinello MD simulations61 data on another aspartyl 

protease, HIV protease, that predicted the cleavage of the peptide bond in the rate-limiting step 

(barrier = 21.0 kcal/mol). In another QM/MM study, the formation of the gem-diol species in the 

first step was also reported to occur through a barrier of ca. 20.0 kcal/mol for the Leu-Ala 

substrate.60 Our QM/MM energetics were supported by experimental observation87 suggesting 

that BACE1 can cleave the SW-substrate more efficiently than the WT-substrate. 

  

3. Insulin degrading enzyme (IDE)   

Insulin degrading enzyme (IDE) is a Zn2+-containing metallopeptidase found in bacteria, plants 

and humans.89 The X-ray structures of the free and substrate (Aβ40 and Aβ42) bound human 

IDE enzyme have been resolved at 2.8 Å (PDB ID: 2JG4), 2.1 Å (PDB ID: 2G47) and 2.59 Å 

(PDB ID: 2WK3) resolution, respectively.40, 90, 91 IDE contains two functional N- and C- terminal 

domains (IDE-N and IDE-C, respectively) that are joined by an extended 28 amino acid residue 

loop. They create a large triangular prism shaped catalytic chamber (35×34×30 Å3 and height 36 

Å), Figure 5.40, 90-93 The internal cavity of IDE-N is mostly negative or neutral, while IDE-C 

possesses a positive charge.40, 90, 92 The latter assists with substrate binding, whereas the peptide 

hydrolysis occurs in the former.90-92, 94 IDE goes through a transition from a closed state to an 

open state to allow the entry of the substrates into the catalytic chamber. The interactions of the 

N-terminal residues of the substrates with a conserved exosite that is located ~30 Å away from 

the active site induce the necessary conformational changes in the substrates for their effective 
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degradation.40, 90, 92, 93 Rather surprisingly, the total volume of the catalytic chamber of IDE is 

almost half of the volume of its substrates such as Aβ40 and Aβ42. Thus, the dynamics and 

plasticity of both enzyme and substrate are critical for the formation of an active enzyme-

substrate complex.95  

 

In substrate (Aβ40 and Aβ42)-bound X-ray structures (PDB ID: 2G47 and 2WK3, 

respectively), the active site Glu111 was substituted with a Gln and the Zn2+ ion was missing in 

the Aβ40-IDE structure.40, 91 Additionally, all the cysteine residues were mutated in the Aβ42-

bound structure.91 Furthermore, only two discrete fragments of each substrates (Asp1-Glu3 and 

Lys16-Asp23 of Aβ40 and Asp1-Glu3 and Lys16-Glu22 of Aβ42) were resolved in these 

structures.40, 91 Thus, the secondary structures and interactions of the remaining fragments (Phe4-

Gln15 and Val24-Val40 of Aβ40 and Phe4-Gln15 and Val24-Ala42 of Aβ42) inside IDE were 

not experimentally known. Since it is not easy to resolve a structure of a fully active enzyme in 

the presence of an actual substrate, the inactive form of IDE was used in these X-ray 

structures.40, 91 Despite the availability of the aforementioned experimental data, the binding 

modes of the full-length Aβ peptides and their interactions inside the catalytic chamber of the 

fully active enzyme remained elusive. 

   

3.1. IDE-substrate (Aβ40 and Aβ42) interactions  

To derive this information, interactions between two full-length substrates (Aβ40 and Aβ42) 

with the active form of IDE were explored through all-atom classical MD simulations.96 They 

were performed using the GROMOS force field 53A597 as implemented in the GROMACS 
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program.73, 74 The free, Aβ40-, and Aβ42-bound (PDB ID: 2JG4, 2G47 and 2WK3, respectively) 

X-ray structures of IDE and NMR structures of the full-length Aβ40 (PDB ID: 1AML) and Aβ42 

(PDB ID: 1IYT) were used to build the initial models for these simulations. The equilibrated 

structures accurately reproduced the positioning of Zn-metal center and both fragments of Aβ40 

and Aβ42 from the X-ray structures.  During the simulations, both Aβ40 and Aβ42 underwent 

substantial structural changes inside the enzyme. Aβ40 coordinated through a large number of 

intermolecular interactions in the Glu15-Phe19 and Ala21-Lys28 regions. The N-terminal 

residues of the substrate also interacted with the exosite residues of the enzyme. The structure of 

Aβ40 inside IDE was significantly different than the ones derived from our MD simulations in 

the aqueous solution.98, 99  In the presence of the two additional residues (Ile41-Ala42) a longer 

and more hydrophobic Aβ42 interacted differently than Aβ40 with the enzyme. This substrate 

was observed to be more flexible and associated through a smaller number of hydrogen bonds 

with the enzyme (17-22) in comparison to Aβ40 (25-30). The hydrogen bonding in IDE-Aβ42 

complex was less preserved and Aβ42 remained mostly in a disordered random coil formation 

inside IDE. These MD simulations showed that the length and the chemical nature of the 

substrate and the environment inside the cavity of the enzyme influence the dynamics and 

plasticity of both the enzyme and the substrate.  

 

3.2. Catalytic mechanism of IDE 

IDE is known to hydrolyze a wide range of peptide bonds (Val12–His13, His14–Gln15, Phe19–

Phe20, Lys28–Gly29, etc.) of the Aβ40 and Aβ42 substrates.40, 90, 100-103 The sequences around 

these cleavage sites show no similarity. This enzyme, however, does exhibit some preference for 
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basic or large hydrophobic amino acid on the carboxyl side of the cleavage site. The mechanism 

of sequential hydrolysis and energetics of the cleavage of these peptide bonds were not available. 

To investigate the energetic preference, hydrolysis of three chemically distinct peptide bonds, 

Lys–Gly (polar-nonpolar), Phe–Phe (nonpolar-nonpolar), and His–Gln (polar-polar), were 

studied through pure QM approach using pruned models of the active site of IDE.104 Based on 

the available experimental and theoretical information, the most plausible mechanism utilized by 

IDE is shown in Figure 6.104-106 There were certain common features in the general acid-base 

mechanism utilized by IDE and BACE1.105 In the reactant (I), the scissile peptide bond was 

polarized through the coordination between the carbonyl oxygen atom (O8) of the substrate with 

the positively charged Zn2+ metal ion on IDE. On the other hand, in BACE1 the carbonyl oxygen 

atom interacted through a hydrogen bond with the protonated Asp32 (Figure 3). Here, the metal 

bound water molecule (H2O1H3) was strongly polarized between the negatively charged Glu111 

and the Zn2+ cation. This polarization decreased its pKa value from ~14 in solution to ~7.107, 108 

In BACE1, in the absence of a metal ion, the conserved water molecule interacted through three 

hydrogen bonds with Asp228, Asp32 of the enzyme, and the Met (P1) residue of the substrate. In 

the first step, similar to Asp228 of BACE1, Glu111 acted as a base and pulled a proton from the 

Zn2+ ion bound water molecule. The hydroxyl (-O1H3) nucleophile generated in this process 

attacked the α-carbon (C6) atom of the scissile peptide bond to form an intermediate (II). The 

computed barrier for this step was 14.3, 18.8, and 22.3 kcal/mol for the Lys-Gly, Phe-Phe, and 

His-Gln bonds, respectively (Figure 6). This step was found to be the rate-determining in the 

entire mechanism. In the next step, similar to Asp228 in BACE1, Glu111 interchanged its role to 

an acid and provided its previously acquired proton to the N7 atom of the peptide bond with the 
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instantaneous formation of the oxygen-carbon (O1-C6) bond. This concerted process created the 

gem-diol intermediate (III). The formation of the gem-diolate intermediate (III) occurred 

through a barrier of 4.9, 7.8, and 10.2 kcal/mol for Lys-Gly, Phe-Phe, and His-Gln, respectively. 

In the next step, like Asp32 of BACE1, Glu111 acted as a base and abstracted the proton (H3) 

from the metal bound oxygen (O1) atom. This proton transfer cleaved the C6-N7 peptide bond 

and generated the separated carboxyl (R-C6O1O8-) and amine (R-N7H2) termini (IV). The 

formation of IV was exothermic by 10.8, 15.2, and 8.1 kcal/mol exothermic from the 

corresponding reactants for Lys-Gly, Phe-Phe, and His-Gln, respectively. Similar to aspartyl 

proteases, the last two steps of the mechanism could occur in a concerted fashion and directly 

lead to the formation of IV.  

 

The presence of the surrounding enzyme in two layer ONIOM (B3LYP/Amber)109 calculations 

of this enzyme substantially lowered the barrier for the first step of the mechanism to 11.1 

kcal/mol for the Phe-Phe substrate. These calculations predicted that two outer sphere residues 

(Arg824 and Tyr831) facilitated the formation of III by reducing the barrier by 2.5 kcal/mol for 

the Phe-Phe case. This result was in line with the site directed mutagenesis experiments that 

showed that these residues played key roles in the functioning of the enzyme.40 The computed 

energetics suggested that the nature of the peptide bond played an important role in the cleavage 

process. As observed in the case of BACE1, in the presence of the protein surrounding the rate-

limiting step of the mechanism was associated with the cleavage of the peptide bond.  

 

4. Bovine lens leucine aminopeptidase (BILAP).  
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Leucine aminopeptidase (LeuAP) is a binuclear metallopeptidases that is found in bacteria, 

plants, animals, and humans.54, 110-112 Several X-ray structures of the free and transition-state-

analogue complexes of LeuAP from bovine lens (BILAP) have been resolved.11, 113-116 The N-

terminus domain (residues 1-150) of BILAP provides interactions among different monomers, 

while the active site is located in the C-terminus domain (residues 151-482).116 The active site of 

each monomer contains two Zn2+ ions that occupy two co-catalytic sites.54, 117-120 The Zn2+ ion at 

site 1 (Zn1) is bound to the Asp255, Asp332, and Glu334 residues, while Zn2+ ion at site 2 (Zn2) 

to Lys250, Asp255, Asp273, and Glu334. The Zn1-Zn2 distance at the active site was ≈ 3.02 Å, 

Figure 1. Both nonequivalent metal binding sites are required for the enzymatic activity.54 The 

measured kinetic data using two different substrates L-leucine-p-nitroanilide 

(NO2C6H4NHCOCH(NH2)CH2CH(CH3)2) and L-leucyl-p-anisidine 

(CH3OC6H4NHCOCH(NH2)CH2CH(CH3)2) for the Mg1-Zn2 and Mg1-Co2 variants also 

showed that kcat depends on the interaction between both metal ions sites.121 There were several 

outstanding issues regarding the mechanism of this enzyme. The exact protonation state of the 

nucleophile (H2O or -OH) was not clear.114, 122 The influence of the electronic nature of the 

substrate (an electron withdrawing nitro group (-NO2) in the L-leucine-p-nitroanilide and an 

electron donating methoxy group (-OCH3) of the L-leucyl-p-anisidine) on the structures was not 

known.121 The role of each metal center and structures of Mg and Co variants were not available. 

We investigated all these issues using DFT calculations in the pure QM approach.123  

  

4.1 Catalytic mechanism of BILAP  
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Based on experimental and theoretical data,51, 114, 122, 123 the most plausible acid/base mechanism 

proposed for the hydrolysis of the L-Leu-p-nitroanilide substrate by BILAP is shown in Figure 7.  

Kinetic isotope experiments and the absence of nucleophilic residues at the active site had ruled 

out the possibility of an anhydride mechanism involving a covalent intermediate.124 Since the 

identity of the nucleophile (water or hydroxide ion) that is bridging both (Zn1 and Zn2) metal 

ions was not exactly known, this mechanism is generally discussed in the literature using a 

bridging water molecule. However, in some theoretical studies of other members of this family 

Aeromonas proteolytica aminopeptidase (AAP),125 methionine aminopeptidase (MetAP),126 and 

prolidase127 a mechanism involving a hydroxyl (-OH) ion in the reactant was used.  

In the reactant with the water molecule (IW), both Zn1 and Zn2 ions existed in the penta-

coordinated form with the Zn1-Zn2 distance of 3.18 Å. The Zn1 ion polarized the scissile 

peptide bond through the formation of a bond with the carbonyl oxygen of the peptide bond, 

while Zn2 participated in positioning the substrate through interactions with its N-terminus. 

Additionally, the coordination to both metal centers significantly reduced the pKa value of the 

water molecule.128 This mechanism exhibits some common features with the one utilized by 

mononuclear Zn2+ center containing IDE. However, in IDE the water molecule was bound to the 

only Zn ion. In both BILAP and IDE, one Zn ion is involved in the polarization of the peptide 

bond through the formation of the metal-oxygen bond. In the first step, a bicarbonate ion 

functioned as a base and abstracted a proton from the bridging water molecule to create the 

hydroxyl nucleophile. The hydroxyl ion bound to Zn2 simultaneously attacked the electrophilic 

carbon atom (C1) of the peptide bond (C1-N2) to form the gem-diolate intermediate (IIW). The 

formation of IIW occurred with a computed barrier of 18.6 kcal/mol from IW (Figure 7a). The 
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catalytic base bicarbonate ion of BILAP and Glu111 of IDE were located in the second 

coordination shell. The hydroxyl group bound to two metal centers should be a weaker 

nucleophile than the one coordinated to the one metal center. Thus, the hydroxyl nucleophile was 

bound to only one Zn ion in transition states of this step for both IDE and BILAP (Figure 6 and 

7a).  

 In the next step, the bicarbonate ion acted as an acid and donated its proton to the 

nitrogen atom (N2) to split the amide bond. However, in IDE the second coordination shell 

Glu111 residue played the role of acid in this process. Unlike the mechanism of IDE, this process 

occurred in the rate-limiting step of the mechanism with a computed barrier of 25.5 kcal/mol. 

The acid/base role played by the bicarbonate ion in this mechanism was similar to the one 

observed in the catalytic cycle of cyclopropane synthase.129, 130 The removal of the bicarbonate 

ion reduced the kcat value by eight-fold and a cluster of three water molecules replaced its 

function.122 This substitution was also found to increase the barrier by 4.9 kcal/mol in our DFT 

calculations. This increase was ~3.7 kcal/mol higher than the one observed experimentally. The 

B3LYP method used in these calculations has previously been shown to overestimate computed 

barriers by 3-5 kcal/mol for proton transfer reactions using a chain of water molecules.131 

    

From IW, a proton transfer from the bridging water to the Zn2 bound Asp273 base could 

generate another reactant (IH in Figure 7b). In IH, the hydroxyl nucleophile was coordinated to 

both Zn1 and Zn2 ions and protonated Asp273 was bound to the Zn2 ion. This type of reactant 

has been used in theoretical studies of AAP,125 MetAP,126 and prolidase127 that lack the 

bicarbonate ion. The IH could be created from IW with a barrier of 13.5 kcal/mol which was 7.8 
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kcal/mol higher in energy than the latter. From IH, the formation of the gem-diolate intermediate 

occurred with a barrier of 10.8 kcal/mol. In the next rate-determining step, the cleavage of the 

peptide bond took place with a barrier of 17.8 kcal/mol. This barrier was in excellent agreement 

with the experimentally measured barrier of 18.7 kcal/mol (kcat ≈ 7 min-1).121 The substitution of 

the L-leucine-p-nitroanilide substrate with L-leucyl-p-anisidine showed that all three steps of the 

mechanism occurred with similar barriers i.e. 18.7, 19.3, and 18.0 kcal/mol for step 1, step 2, and 

step 3, respectively. Furthermore, energetics of the Mg1-Zn2 and Mg1-Co2 variants of the 

enzyme suggested that the nature of the metal ion affect only the formation of the gem-diol 

intermediate in the first step and after that all three variants followed essentially the same 

energetics.         

 

4.2. Role of active site microenvironment in peptide hydrolysis  

To explore the role of microenvironments of the active site, the hydrolysis of a single peptide 

bond  (Phe1-Phe2) by the three types of catalysts was studied: (1) BACE, (2) IDE, and (3) 

Zn(N3) [Zn(His, His, His)] core containing matrix metalloproteinase (MMP)].132 Our DFT 

calculations allowed us to make the following interesting comparisons: (1) the effect of the 

active site in two aspartate residues containing aspartyl protease (BACE) and metallopeptidases 

(MMP and IDE) and (2) the influence of the ligand environment of the Zn2+ center in MMP (His, 

His His (N3)) and IDE (His, His, Glu (N2O)). The computed energetics for all three catalysts 

were in good agreement with the measured and theoretical data.63, 87, 104, 108, 133-135 They predicted 

that among these catalysts MMP with [N3] moiety was the most efficient in catalyzing this 

reaction (Table 1). BACE and IDE catalyzed this reaction with 5.0 and 6.9 kcal/mol higher 
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barriers than MMP, respectively. The difference between MMP and IDE could be attributed to 

the reduction in acidity of the Zn ion in the N2O moiety of IDE. In a marked contrast from IDE, 

the rate-limiting step was predicted to be associated with the cleavage of the peptide bond for 

MMP. The lower barrier for BACE in comparison to IDE was quite surprising.  

  

5. Concluding Remarks and Perspectives.  

In this perspective, we have discussed the mechanisms of three critical proteases BACE1, IDE, 

and BILAP. A plethora of computational chemistry techniques have been employed to gather 

this information. Our theoretical studies provided structures of short-lived intermediates and 

transition states and energetics of their catalytic cycles. Additionally, deeper understanding 

regarding the roles of metal ion(s), ligands, and the microenvironment of the reaction center in 

the functioning of these enzymes was developed. They also revealed certain common features in 

the general acid/base mechanisms utilized by these three distinct enzymes. It was found that in 

the absence of protein surrounding creation of hydroxyl nucleophile from a water nucleophile 

occurred in the rate-determining step for BACE1 and IDE. However, the inclusion of electronic 

and steric effects of the protein environment in the calculations lowered the barrier for this step 

and raised the barrier for the cleavage of peptide bond in the next step for both enzymes. 

Currently, the information regarding the pKa shifts, binding affinity of the conserved water 

molecule, and protonation states of the key active site residues in this process is not consistently 

available. These details will be required to develop a better understanding of the functioning of 

these enzymes and to design their inhibitors and activators. They will also be useful in design of 

synthetic analogues of these enzymes for biotechnological and industrial applications.136 
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Furthermore, the knowledge gained from the studies of peptide hydrolysis may also be useful in 

designing small molecules that catalyze the hydrolysis of esters, nitriles, phosphates, and other 

organic reactions including epoxide opening, aldol condensation, Michael addition, and Diels-

Alder reactions. However, despite the significant amount of research performed in the last three 

decades true synthetic analogues of these enzymes are still elusive. Their design will require 

multidisciplinary efforts involving both theory and experiments in the future.   
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 Figure 1: Active sites of three distinct proteases; BACE1, IDE and BILAP 
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Figure 2: Structures of the key regions and open and closed conformations of the 
flap of BACE1. 
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Figure 3: General acid/base mechanism utilized by BACE1 and other aspartyl proteases. 
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Figure 4: (a) Computed energetics of the mechanism of BACE1 at the QM level. (b) Computed 

energetics of the mechanism of BACE1 at the QM/MM level.    
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     Figure 5: Structures of IDE and Aβ40 and Aβ42 substrates   
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Figure 6: Mechanism and energetics of the hydrolysis of the Lys-Gly bond of IDE. The arrows 

in the figure describe the movement of atoms.   

 

  

Figure 6: Mechanism and energetics of the hydrolysis of the Lys-Gly bond by IDE  
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Figure 7a: Mechanism and energetics of BILAP using the water nucleophile. The arrows in the 

figure describe the movement of atoms.   
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Figure 7b: Mechanism and energetics of BILAP using the hydroxyl nucleophile. The arrows in 

the figure describe the movement of atoms.   
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Table 1. Energy Barriers for Hydrolysis of the Phe−Phe bond by BACE1, IDE and MMP  

Catalyst  Barrier (kcal/mol) 

MMP 17.5 

BACE1 22.5 

IDE 24.4 
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