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Graphical abstract 

 

Figure 5. Interaction structure between the Ser1 of APRin and Zn* group (Hid176, 

Hid180, Hid186, and Zn ion) of APR. The red, green, and blue dashed lines indicate the 

hydrogen bond, the electrostatic interactions between the residues, and the coordination 

bond (2.33 Å) between Ser1 and Zn, respectively. 

 

 

 

 

 

 

 

 

Abstract graphic Click here to access/download;Abstract graphic;Graphical
abstract.doc

https://www.editorialmanager.com/jmmo/download.aspx?id=315149&guid=960b3def-1525-4bd3-9991-6b2640614be7&scheme=1
https://www.editorialmanager.com/jmmo/download.aspx?id=315149&guid=960b3def-1525-4bd3-9991-6b2640614be7&scheme=1


1 

 

  

Specific interactions between the alkaline protease of P. aeruginosa  

and its natural peptide inhibitor: Ab initio molecular simulations 

 

Ryosuke Saitoa, Kyohei Imaia, Shohei Yamamotoa, Takuya Ezawaa, Satoshi Sugiyamaa,  

Linn Samira Mari Evensethb, Ingebrigt Sylteb and Noriyuki Kuritaa,* 

 
a Department of Computer Science and Engineering,  

Toyohashi University of Technology, Toyohashi, 441-8580, Japan 

b Department of Medical Biology, Faculty of Health Sciences,  

UiT The Arctic University of Norway, NO-9037 Tromsø, Norway 

 

 

* Corresponding author: 

Noriyuki Kurita, Associate Professor, Ph.D. 

Toyohashi University of Technology  

Department of Computer Science and Engineering 

Tempaku-cho, Toyohashi, 441-8580, Japan 

Tel. & Fax: 81-532-44-6875 

Email: kurita@cs.tut.ac.jp 

  

Manuscript Click here to access/download;Manuscript;Kurita-MS-c2.docx

Click here to view linked References

mailto:kurita@cs.tut.ac.jp
https://www.editorialmanager.com/jmmo/download.aspx?id=315285&guid=c82f260e-bde2-4f88-928f-8631bcb40de2&scheme=1
https://www.editorialmanager.com/jmmo/download.aspx?id=315285&guid=c82f260e-bde2-4f88-928f-8631bcb40de2&scheme=1
https://www.editorialmanager.com/jmmo/viewRCResults.aspx?pdf=1&docID=15669&rev=0&fileID=315285&msid=f211bfab-18fb-4bf8-bca1-74a36d3305c0


2 

 

 

Abstract 

 

Alkaline protease aeruginolysin (APR) is an important virulence factor in the 

evasion of the immune system by Pseudomonas aeruginosa (P. aeruginosa). The P. 

aeruginosa genome also encodes the highly potent and specific APR peptide inhibitor 

(APRin). However, the structural reason for the significant inhibition has not been 

revealed. Using ab initio molecular simulations, we here investigated the specific 

interactions between APR and APRin to elucidate which amino acid residues of APRin 

and APR contribute strongest to the inhibition. Since APR has a Zn ion at the 

ligand-binding site, and histidine and glutamic acid residues are coordinated with Zn, it 

is essential to precisely describe these coordination bonds to elucidate the specific 

interactions between APR and APRin. Therefore, we employed the ab initio fragment 

molecular orbital method to investigate the specific interactions at an electronic level. 

The results revealed that Ser1 and Ser2 at the N-terminal of APRin significantly 

contribute to the binding between APRin and APR. In particular, Ser1 binds strongly to 

Zn as well as to the sidechains of Hid176, Hid180, and Hid186 in APR. This is the main 

reason for the strong interaction between APR and APRin. The results also elucidated 

significant contributions of the positively charged Arg83 and Arg90 residues of APRin 

to the binding with APR. These findings may provide information useful for the design 

of novel small agents as potent APR inhibitors. 
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Protein–protein interactions; Metalloprotease; Protonation; Molecular simulation; 

Fragment molecular orbital; Drug design. 

  



3 

 

1. Introduction 

In the treatment of bacterial infectious diseases, many types of antimicrobial 

agents have been widely used, acting directly on bacteria and inhibiting their growth. 

However, prolonged use of the same agent at high concentrations increases the risk of 

the emergence of novel bacteria with antimicrobial resistance against the agent. These 

drug-resistant strains of bacteria have become extremely dangerous for human beings, 

as cautioned by the World Health Organization (WHO): “Antimicrobial resistance: no 

action today, no cure tomorrow” [1]. Therefore, to inhibit infections by drug-resistant 

bacteria, there is an urgent need to develop novel antimicrobial agents that have 

different modes of behavior to bacteria and a low risk of causing drug-resistance [2].  

Pseudomonas aeruginosa (P. aeruginosa) occurs widely in nature and is a 

major source of both community-acquired and hospital-acquired infections among 

human beings. P. aeruginosa secretes various virulence factors, such as elastase and 

alkaline proteases. Among these alkaline proteases, aeruginolysin (APR) is an important 

virulence factor in the evasion of the immune system by P. aeruginosa [3, 4]. The P. 

aeruginosa genome also encodes a natural peptide APR inhibitor (APRin) [5]. To 

suppress the growth of P. aeruginosa, various truncated APRin analogous and 

analogous based on the homology with naturally occurring peptide inhibitors of alkaline 

proteases from other bacterial species were constructed [5, 6]. However, no small 

molecular inhibitor is known for APR. Since APR inhibitors do not act on P. aeruginosa 

directly, it is expected that they can help significantly reduce the risk of producing 

drug-resistant P. aeruginosa. 

In a previous crystal structure analysis [7], the 3D structures of APR and its 

natural peptide inhibitor APRin were elucidated. As shown in Figure S1 in the 

Supplementary Information (SI), APR has a Zn ion at the ligand-binding site, and the 

Zn ion significantly contributes to the specific interactions between APR and its 

inhibitor. APRin (Figure S1b) is composed of 105 amino acid residues, and its 

equilibrium dissociation constant (KD) against APR is 4 pM [5]. This value is 

significantly lower than corresponding values of the naturally occurring inhibitors of the 

alkaline proteases of Erwinia chrysanthemi (1–10 μM) [8] and Serratia marcescens (0.7 

μM) [9]. Therefore, APRin is expected to be a more potent inhibitor against APR than 

existing ones. In addition, it has been revealed that the N-terminal site of APRin is 

important for the strong binding between APRin and APR [5, 6]. However, the reason 

for the strong binding of APRin to APR has not been elucidated. This is acting as a 

bottleneck to the further development of novel small agents based on important amino 

acid residues contained in the APRin peptide, which should have significant inhibitory 
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effects against APR. 

 In the present study, we investigate the specific interactions between the APRin 

and APR residues to determine which residues in APRin contribute to its binding to 

APR, with the aim of eventually proposing novel agents as potent inhibitors against 

APR in the future. Since APR involves a Zn ion in the ligand-binding pocket, and Zn 

significantly contributes to the binding between APR and APRin, we carefully 

considered the protonation states of the residues existing around the Zn ion using 

molecular simulations based on molecular mechanics (MM) and the fragment molecular 

orbital (FMO) methods. First, we precisely determined the preferable protonation states 

of histidine (His) and glutamic acid (Glu) residues located around the Zn ion of APR 

using MM optimizations. Subsequently, the electronic states of the optimized structure 

for the APR + APRin complex were investigated by the ab initio FMO method. Based 

on the results obtained from the FMO calculations, we were able to reveal which 

residues of APR and APRin significantly contribute to the specific interactions between 

APR and APRin. Based on this information, we give a preliminary proposal of small 

peptide agents to be used as potent inhibitors against APR. 

  

2. Details of ab initio molecular simulations 

2.1. Determination of His and Glu protonation states and APR and APRin peptide 

terminations 

 In the present study, we employed the PDB structure of the APR + APRin 

complex (PDB ID: 1JIW) [7]. As this structure contains no information on the positions 

of hydrogen atoms, to conduct realistic molecular simulations, it is necessary to add 

hydrogen atoms at the appropriate positions of the APR + APRin complex. In fact, if 

hydrogen atoms are not added to the appropriate positions of the target protein, the 

results simulated will not be realistic and cannot be compared with results obtained by 

experiments, as shown in our previous study on the specific interactions between a 

vitamin-D receptor and its ligands [10]. His and Glu may have different types of 

protonation state depending on the protein structure. Therefore, we carefully determined 

their protonation states in the APR + APRin complex.  

First, we gave assignments to the protonation states of eight His residues in the 

APR + APRin complex based on the pKa values predicted by the PROPKA 3.0 program 

[11, 12]. His residues that had a pKa value greater than 6 and were located on the 

surface of the complex were assigned the Hip+ protonation, whereas His residues with a 

lower pKa value located inside the complex were assigned the Hid or Hie protonation. 

The chemical structures of His residue with these protonation states are shown in Figure 
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S2 (see SI). Since His residues located inside a protein can be in either the Hid or Hie 

state depending on the structure of the surrounding residues, we gave assignments to the 

protonation state considering the steric hindrance to the surrounding residues of APR 

and APRin.  

The pKa values, protonation states, and positions of the His residues in the 

APR + APRin complex are listed in Table S1 (see SI). As the His14, His27, His110, and 

His452 of APR and His27 of APRin have relatively high pKa values and are located on 

the surface of APR or APRin, these His residues were assigned the Hip+ protonation 

state. In contrast, His176, His180, and His186 are coordinated with the Zn ion in APR, 

as shown in Figure 1. It should be noted that the Zn ion is coordinated with the nitrogen 

atoms at the ε-site of the imidazole ring of these His residues, and that these 

coordination bonds do not form if a proton is added to the ε-site. Accordingly, Figure 1 

clarifies that these His residues should possess Hid protonation states. As described 

below, the protonation states of these His residues have a significant influence on the 

structure and the electronic properties around the Zn ion of the active site of APR.  

Next, we determined the protonation states of the Glu residues in the APR + 

APRin complex. Glu can have three types of protonation states, as defined in Figure S3 

(Glu−, Glh-1, and Glh-2; see SI). Glu− is a non-protonated state with a negative charge, 

whereas Glh-1 and Glh-2 are protonated states, in which one of the oxygen atoms of the 

carboxylate group of the Glu− sidechain is protonated. In the APR + APRin complex, 

Glu177 exists near the Zn ion, and its protonation state can have a remarkable influence 

on the structure around the Zn ion. Therefore, we optimized the APR + APRin structure 

using the classical MM method based on an Assisted Model Building with Energy 

Refinement (AMBER) force field [13], considering the three different Glu177 

protonation states. The optimized structures were compared with the PDB structure to 

determine the structure with the smallest deviation from the PDB structure of the APR + 

APRin complex. This structure was considered the most realistic one with the preferable 

Glu177 protonation state.  

APRin has a disulfide bond between its cysteine (Cys) residues. In particular, 

the sulfur atoms of Cys29 and Cys52 lose their hydrogen atoms to form the disulfide 

bond. Thus, we altered these Cys residues into deprotonated states and added a 

connection between the deprotonated Cys residues. This disulfide bond is considered to 

be important for maintaining the conformation of APRin.  

When using the tleap command of AMBER18 [13], the N- and C-terminals of 

an amino acid peptide are usually terminated by the NH3
+ and COO− groups, 

respectively, as shown in Figure S4b (see SI). However, a previous experiment [7] 
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revealed that the Ser residue at the N-terminal of APRin is coordinated with the Zn ion 

of APR and significantly contributes to the interaction between APR and APRin. If the 

N-terminal of APRin has a charged NH3
+ group, there is the possibility that the 

repulsive electrostatic interaction between the N-terminal of APRin and the Zn ion of 

APR will be massively overestimated. It is likely that the non-charged NH2 and COOH 

groups (Figure S4a) at the N- and C-terminals of APR and APRin would be more 

appropriate for describing the interaction between ARP and APRin. However, there is 

no AMBER force field for these non-charged groups. Therefore, we additionally 

employed the acetyl (Ace) and the N-methyl (Nme) groups to terminate the N- and 

C-terminals of the APR and APRin peptides, respectively, as shown in Figure S4c (see 

SI). From the comparison of the MM optimized structures with the PDB one, we 

determined preferable structures of the N- and C-terminals.  

 

2.2. Optimization of APR + APRin structure by the MM method 

The structure of the APR + APRin complex was fully optimized in water using 

the classical MM and molecular dynamics simulation program AMBER18 [13]. To 

properly consider the solvation effect on the complex, we added the solvating water 

molecules in an 8-Å layer around the complex. The total number of water molecules 

considered was approximately 3,700. In the MM optimizations, the FF14SB force field 

[14] and TIP3P model [15] were used for the APR/APRin and the water molecules, 

respectively. The threshold value of the energy gradient for convergence in the MM 

optimization was set to 0.0001 kcal/mol/Å.  

 With the aim of obtaining an optimum solvated structure that was not 

significantly deformed from the PDB structure, we here employed the following steps to 

optimize the structure of the APR + APRin complex in explicit water molecules: 

(1) optimization of only the terminal groups of APR and APRin; 

(2) optimization of only the hydrogen atoms added to the PDB structure; 

(3) addition of solvating water molecules and optimization of these as well as the 

hydrogen atoms of APR and APRin; 

(4) full optimization of the APR + APRin complex including the crystal and solvating 

water molecules. 

 

2.3. FMO calculations for the optimized structure of the APR + APRin complex 

To elucidate the specific interactions between APR and APRin, the electronic 

properties for the optimized structure of the APR + APRin complex were investigated 

using the ab initio FMO method [16]. We employed 592 crystal water molecules 
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detected in a previous X-ray analysis [7] to explore their roles in the interactions 

between APR and APRin. In the FMO calculations, the target molecule is divided into 

units, each of which is called a “fragment,” and the electronic properties of the target 

molecule are estimated based on the electronic properties of the monomers and the 

dimers of the fragments. The specific interactions between the fragments can be 

investigated based on the interaction energies obtained by the FMO calculations. In the 

present FMO calculations, each residue of APR and APRin and each water molecule 

were considered as separate fragments, as this fragmentation would allow us to evaluate 

the interaction energies between the residues of the APR and APRin peptides under the 

effect of crystal water molecules. It should be noted that the Zn ion and the Hid176, 

Hid180, and Hid186 residues are coordinated, as shown in Figure 1. Therefore, these 

Hid residues were considered as part of the same fragment as the Zn ion to precisely 

describe the coordination bonds among them. Further, the Cys29 and Cys52 of APRin 

were included in the same fragment, as these Cys residues form a disulfide bond. 

The FMO calculation program ABINIT-MP Ver.6.0 [17] was used in the 

present study. The ab initio MP2/6-31G method [18, 19] of FMO was employed to 

accurately investigate the π–π stacking, NH–π, and CH–π interactions as well as the 

hydrogen-bonding and electrostatic interactions between the residues of APR and 

APRin. In addition, to reveal which residues contribute to the binding, we investigated 

the inter fragment interaction energies (IFIEs) [20] obtained in the FMO calculations. 

 

3．Results and discussion 

3.1. Protonation state of Glu177 and N- and C-terminals of APR + APRin 

As Glu177 exists near the Zn ion of APR and has a significant effect on APR 

activity, its protonation state had to be determined in an appropriate manner. Thus, we 

considered the different protonation states (Figure S3 in the SI) of Glu177 and 

optimized the structure of the solvated APR + APRin complex using the MM method. 

The obtained structures were compared with the PDB structure, and the most 

appropriate protonation state of Glu177 that did the best job reproducing the PDB 

structure of the APR + APRin complex was determined.  

In the PDB structure [7] of the APR + APRin complex, the Glu177 of APR, the 

catalytic base of the HEXXH motif, forms a hydrogen bond with the Ser2 of APRin. In 

our optimized complex structures, there is no hydrogen bond between Glu177 and Ser2 

when Glu177 has a Glu− or Glh-2 protonation state, as shown in Figure 2a and c, 

respectively. At the same time, the oxygen atom of the Glu177 sidechain is separated 
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from the oxygen atom of the OH group of the Ser2 sidechain. Notably, a crystal water 

molecule bridging the Ser2 and Thr173 of APR plays an important role in determining 

the direction of the OH group. In contrast, Figure 2b reveals that the OH group of the 

Glu177 sidechain forms a hydrogen bond with the oxygen atom of Ser2 when Glu177 is 

in the Glh-1 protonation state. This hydrogen bond (Figure 2b) is comparable to that in 

the PDB structure [7]. Consequently, Figure 2 demonstrates that Glh-1 is the most 

preferable protonation state for the Glu177 of APR in the X-ray structure. 

In the PDB structure [7] of the APR + APRin complex, the OH group of the 

Ser1 sidechain as well as the backbone N atom of the Ser1 located at the N-terminal of 

APRin are directly coordinated with the Zn ion of APR, as shown in Figure 3a. 

Therefore, the structures of the N- and C-terminals of APRin as well as APR are likely 

to have a significant influence on the interaction between APR and APRin. Thus, we 

considered different types of terminal structures for both the APR and APRin peptides 

to determine the most preferable structure.  

At first, we assigned the NH3
+ and COO− structures to the N- and C-terminals, 

respectively, and the APR + APRin complex structure was optimized using the MM 

method. As shown in Figure 3b, the structure around the Zn ion was altered 

significantly from the PDB structure due to the repulsive electrostatic interaction 

between the NH3
+ group of APRin and the Zn ion. Accordingly, it was revealed that the 

altered NH3
+ and COO− structures are not suitable for reproducing the PDB structure [7] 

of the APR + APRin complex. 

Next, we assigned the Ace and Nme structures to the N- and C-terminals, 

respectively, as shown in Figure S4c in the SI. The optimized structure around the Zn 

ion is shown in Figure 3c. The oxygen atom of the Ace group coordinated directly to the 

Zn ion at 1.84 Å distance, and the distance between the N atom of the Ser1 main chain 

and the Zn ion was elongated to 3.6 Å, resulting in significant deformation from the 

PDB structure (Figure 3a). Therefore, the Ace group was found to be unsuitable for the 

N-terminal structure of APPin.  

The results indicated that the NH2 group remained as the only choice for the 

N-terminal structure of APRin. However, a force field for the NH2 terminal was not 

prepared among the AMBER force fields. Therefore, we added hydrogen atoms and 

solvating water molecules to the PDB structure of the APR + APRin complex and 

optimized only the positions of the hydrogen atoms and the water molecules using the 

AMBER18-MM method, under the assumption that the N- and C-terminal structures 

were the NH3
+ and COO− groups, respectively. In the optimized structure, the NH3

+ and 

the COO− of APR and APRin were changed into NH2 and COOH, respectively. The 
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specific interactions between APR and APRin for this structure were investigated at an 

electronic level using the ab initio FMO method. 

 

3.2. Specific interactions between APR and APRin   

 To determine the residues of APRin that are the main contribution to the 

specific binding between APRin and APR, we first investigated the total IFIEs of each 

APRin residue with all APR residues. As shown in Figure 4, the Ser1 and Ser2 at the 

N-terminal of APRin as well as the charged Arg83 and Arg90 residues have large 

attractive total IFIEs. In particular, Ser1 strongly interacts with the APR residues. 

 In the present FMO calculations, we considered crystal water molecules 

explicitly and evaluated the electronic properties of the APR + APRin complex in a 

vacuum. As a result, the electrostatic interactions between the APR and APRin residues 

were overestimated, as indicated in Figure 4. It is expected that this overestimation 

would be improved by considering a continuum solvation model. However, the trend of 

the IFIEs is likely to not change even when the continuum solvation model is employed. 

 The previous experiments [5, 7] revealed that the Ser1 backbone carbonyl of 

APRin interacts with the catalytic Zn, while the Ser2 side chain of APRin forms a 

hydrogen bond to the carboxyl end of the catalytic Glu177 of APR. Our present FMO 

results (Figure 4), which indicate the significant contribution of the Ser1 and Ser2 

residues to the binding to APR, are comparable to these experimental results.  

 To elucidate the reason for the high attractive interaction energy between Ser1 

and the APR residues, we investigated the IFIEs between Ser1 and each of the APR 

residues. As shown in Figure 5a, Ser1 interacts very strongly with the Zn group of APR 

and has no significant interaction with the other APR residues. In fact, as indicated in 

Figure 5b, the OH group of the Ser1 sidechain interacts electrostatically with the 

imidazole ring of APR Hid186, and the N atom of the NH2 group at the N-terminal of 

Ser1 is directly coordinated at 2.33 Å to the Zn ion of APR. In addition, one of the H 

atoms of the terminal NH2 group of Ser1 forms a hydrogen bond with the imidazole 

ring of Hid180, whereas the other H atom interacts electrostatically with the imidazole 

ring of Hid176. Accordingly, Figure 5b indicates that the N-terminal part of APRin is 

important for the strong binding between APRin and the Zn group of APR. 

 Further, the Ser2 of APRin interacts with the APR residues in a similar way to 

Ser1. As shown in Figure 6a, it interacts strongly with the Zn group. However, the size 

of IFIE for Ser2 is approximately one-fifth of that for Ser1. This difference in the IFIEs 

results in a larger total IFIE for Ser1 than for Ser2, as shown in Figure 4. The oxygen 

atom of the main chain between Ser2 and Ser1 is strongly coordinated to the Zn ion, as 
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shown in Figure 6b, whereas no other interaction was found between Ser2 and the APR 

residues. As a result, the interaction between Ser2 and APR is significantly weaker than 

that of Ser1. 

 Figure 4 also elucidated that the Arg83 and Arg90 residues, which exist far 

from the N-terminal of APRin, interact strongly with the APR residues. These APRin 

residues are positively charged and can interact electrostatically with the charged 

residues of APR. To explain their strong interactions, we investigated the IFIEs among 

Arg83/Arg90 and each of the APR residues. As shown in Figure 7a, Arg83 interacts 

with many APR residues in an attractive or repulsive manner. These interactions are 

mainly caused by the electrostatic interactions between the charged Arg83 and the 

charged residues of APR. In particular, Arg83 interacts strongly with the negatively 

charged Asp196 and Glu218 residues of APR. In fact, the NH2
+ group of the Arg83 

sidechain forms a hydrogen bond (2.55 Å) with the COO− group of the Asp196 

sidechain, as shown in Figure 7b. In addition, Arg83 interacts electrostatically with the 

COO− group of the Glu218 sidechain at a 5.26-Å distance.  

The Arg90 of APRin also interacts with many APR residues, as shown in 

Figure 8a. Among the APR residues, negatively charged Asp196, Asp201, and Glu218 

interact strongly with the positively charged Arg90 of APRin. Although these residues 

exist a significant distance from Arg90, as shown in Figure 8b, long-range electrostatic 

interactions occur via the charged groups of these charged residues. Accordingly, our 

present ab initio FMO calculations elucidate that the charged residues of APR 

contribute significantly to the specific interactions between APR and the charged Arg83 

and Arg90 residues of APRin, as indicated in Figures 7 and 8.  

 It was elucidated from the present FMO study that the Ser1, Ser2, Arg83, and 

Arg90 of APRin are the main contributors to the interactions between APRin and APR. 

In particular, Figure 4 indicates that the Ser1 at the N-terminal of APRin interacts 

strongly with the Zn group of APR, playing an important role in the interaction. In a 

previous experiment [5], the six residues at the N-terminal of APRin were found to be 

necessary to the inhibitory effect of APRin against APR. Our present FMO calculations 

highlight that among the six residues, Ser1 and Ser2 are particularly important for 

strong binding to APR. In addition, the charged Arg83 and Arg90 residues of APRin 

were found to contribute to the binding between APRin and APR. These facts became 

evident after investigating the electronic properties of the APR + APRin complex using 

the ab initio FMO method.  

The main aim of our work is to obtain small molecular inhibitors of APR, and 

the present FMO results are important guidelines for that. Based on the total IFIEs for 
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each of the APRin residues shown in Figure 4, it is possible to suggest a number of 

small peptides as putative inhibitors. A dipeptide consisting of Ser1 and Ser2 would be 

the smallest possible peptide inhibitor. However, a previous structural and mutational 

study [6] revealed that a peptide consisting of the first five N-terminal residues 

(Ser1-Ser2-Lue3-Ile4-Leu5) of APRin did not inhibit the APR activity, indicating that 

the peptide did not obtain a proper orientation at the APR active site for inhibiting the 

enzyme. This result indicates the importance of the APRin main body for guiding the 

N-terminus to the active-site cleft of APR. In the present study, the positively charged 

Arg83 and Arg90 residues of APRin were found to interact strongly with many charged 

residues of APR, as shown in Figures 7 and 8. Therefore, there is a possibility that these 

residues may act as anchor sites for proper orientation of the N-terminal residues within 

the APR active site. Studies are now underway to optimize the structures of our 

proposed molecules and investigate their binding properties to APR. The results will be 

published elsewhere. 

 

4. Conclusions 

In the present molecular simulations based on the classical MM and ab initio 

FMO methods, we investigated the specific interactions between APR and its natural 

peptide inhibitor (APRin) to elucidate which residues of APRin and APR contribute to 

their interactions at an electronic level. Since APR contains a Zn ion near the 

ligand-binding site, we precisely determined the protonation states of His and Glu 

residues located around the Zn ion. In addition, as the N-terminal of APRin contributes 

significantly to the binding to APR, we considered various structures for the N- and 

C-terminals of the APRin and APR peptides and determined the most preferable 

structure via MM optimizations. Finally, the electronic properties of the optimized APR 

+ APRin complex structure were investigated by the ab initio FMO calculations. The 

results indicate that the Ser1 and Ser2 at the N-terminal of APRin as well as the 

positively charged residues (Arg83 and Arg90) of APRin contribute significantly to the 

binding between APRin and APR. In particular, Ser1 binds strongly to both the Zn ion 

and the Hid residues coordinated to the Zn. We went on to propose novel peptides 

including Ser1, Ser2, Arg83, and Arg90 residues of APRin as potent APR inhibitors. 
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Figure captions 

 

Figure 1. Coordination bonds between the Zn ion and three His residues in APR (PDB 

ID: 1JIW) [7]. It is noted that Zn is coordinated with the nitrogen atoms at the ε-site of 

the imidazole ring of these His residues, resulting in the Hid protonation states. 

 

Figure 2. Hydrogen bonding interactions (Å) between the Ser2 of APRin, the Thr173 

and Glu177 of APR, and a crystal water molecule in the APR + APRin complex. Glu177 

possesses (a) Glu−, (b) Glh-1, and (c) Glh-2 protonation states.  

 

Figure 3. Interaction structures between the Ser1 of APRin and the Zn, Hid176, Hid180, 

and Hid186 of APR in the APR + APRin complex. (a) The PDB structure (PDB ID: 

1JIW) [7] without an H atom. (b) The optimized structure with the NH3
+ and COO− 

terminations of APR and APRin. (c) The optimized structure with the Ace and NMe 

terminations of APR and APRin. The distances between Zn and some atoms of Ser1 are 

indicated to clarify the change in structure. 

 

Figure 4. Total IFIEs between each amino acid residue of APRin and all amino acid 

residues of APR. The APRin residues with total attractive IFIEs greater than 100 

kcal/mol are shown in red bars, and their numbers are indicated. 

 

Figure 5. (a) IFIEs between the Ser1 of APRin and each amino acid residue of APR. (b) 

Interaction structure between the Ser1 and Zn* group (Hid176, Hid180, Hid186, and Zn 

ion) of APR. The red, green, and blue dashed lines indicate the hydrogen bond between 

the N-terminal of Ser1 and Hid180 side chain, the electrostatic interactions between 

Ser1 and the APR residues, and the coordination bond (2.33 Å) between Ser1 and Zn 

ion, respectively. 

 

Figure 6. (a) IFIEs between the Ser2 of APRin and each amino acid residue of APR. (b) 

Interaction structure between the Ser2 and Zn* group (Hid176, Hid180, Hid186, and Zn 

ion) of APR. The blue dashed line indicates the coordination bond (2.21 Å) between 

Ser2 and Zn ion. 

 

Figure 7. (a) IFIEs between the Arg83 of APRin and each amino acid residue of APR. 

(b) Interaction structure between the Arg83, Asp196, and Glu218 of APR. The red 

colour figure Click here to access/download;colour figure;Kurita-Figure.docx
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dashed line indicates the hydrogen bond, and the nearest distance between Arg83 and 

Glu218 is also shown. 

 

Figure 8. (a) IFIEs between the Arg90 of APRin and each amino acid residue of APR. 

(b) Interaction structure between Arg90 and the Asp196, Asp201, and Glu218 of APR. 

There is no direct interaction between Arg90 and these APR residues. The nearest 

distances between them are shown. 
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Figure 3. Interaction structures between the Ser1 of APRin and the Zn, Hid176, Hid180, 

and Hid186 of APR in the APR + APRin complex. (a) The PDB structure (PDB ID: 

1JIW) [7] without an H atom. (b) The optimized structure with the NH3
+ and COO− 

terminations of APR and APRin. (c) The optimized structure with the Ace and NMe 

terminations of APR and APRin. The distances between Zn and some atoms of Ser1 are 

indicated to clarify the change in structure. 
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Figure 4. Total IFIEs between each amino acid residue of APRin and all amino acid 

residues of APR. The APRin residues with total attractive IFIEs greater than 100 

kcal/mol are shown in red bars, and their numbers are indicated. 
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Figure 5. (a) IFIEs between the Ser1 of APRin and each amino acid residue of APR. (b) 

Interaction structure between the Ser1 and Zn* group (Hid176, Hid180, Hid186, and Zn 

ion) of APR. The red, green, and blue dashed lines indicate the hydrogen bond between 

the N-terminal of Ser1 and Hid180 side chain, the electrostatic interactions between 

Ser1 and the APR residues, and the coordination bond (2.33 Å) between Ser1 and Zn 

ion, respectively. 
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Figure 6. (a) IFIEs between the Ser2 of APRin and each amino acid residue of APR. (b) 

Interaction structure between the Ser2 and Zn* group (Hid176, Hid180, Hid186, and Zn 

ion) of APR. The blue dashed line indicates the coordination bond (2.21 Å) between 

Ser2 and Zn ion. 
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Figure 7. (a) IFIEs between the Arg83 of APRin and each amino acid residue of APR. 

(b) Interaction structure between the Arg83, Asp196, and Glu218 of APR. The red 

dashed line indicates the hydrogen bond, and the nearest distance between Arg83 and 

Glu218 is also shown. 
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Figure 8. (a) IFIEs between the Arg90 of APRin and each amino acid residue of APR. 

(b) Interaction structure between Arg90 and the Asp196, Asp201, and Glu218 of APR. 

There is no direct interaction between Arg90 and these APR residues. The nearest 

distances between them are shown. 
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Table S1. pKa values evaluated by the PROPKA 3.0 program [11, 12] 

and the protonation states and positions of His residues in the APR + 

APRin complex. 

 

 

  

 

 

  

His residue pKa Protonation Position 

His14 6.8 Hip+ APR surface 

His27 6.0 Hip+ APR surface 

His110 6.1 Hip+ APR surface 

His176 −3.1 Hid Coordinated with Zn 

His180 −5.1 Hid Coordinated with Zn 

His186 −1.6 Hid Coordinated with Zn 

His452 6.4 Hip+ APR surface 

His27 of APRin 6.3 Hip+ APRin surface 
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Figure S1. Structures of (a) APR and (b) APRin [7]. The gray and purple spheres indicate  

the Zn and Ca ions involved in APR, respectively. 
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Figure S2. Protonation states of histidine. 

 

 

 

 

 

 

 
 

 

 

Figure S3. Protonation states of glutamic acid. 
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Figure S4. Structures of the N- and C-terminals of APR and APRin peptides employed  

in this study: (a) NH2 and COOH, (b) NH3
+ and COO−, and (c) Ace and N-methyl. 


