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THAI ABSTRACT  

อาทิตยา มีประเสริฐ : การยึดจับและพลศาสตร์ของเอ็นเอส3/4เอเซอรีนโปรทีเอสจาก
เชื้อไวรัสตับอักเสบซีและนิวรามินิเดสจากเชื้อไวรัสไข้หวัดใหญ่ชนิดเอในการเกิดสาร
เชิงซ้อนกับสารยับยั้งด้วยการจ าลองแบบเอ็มเอ็มและคิวเอ็ม/เอ็มเอ็ม. (BINDING AND 
DYNAMICS OF HEPATITIS C VIRUS NS3/4A SERINE PROTEASE AND 
INFLUENZA A NEURAMINIDASE IN COMPLEXATION WITH INHIBITORS BY 
MM AND QM/MM SIMULATIONS) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: ศ. ดร. สุพจน์ หาร
หนองบัว, อ.ที่ปรึกษาวิทยานิพนธ์ร่วม: อ. ดร. ธัญญดา รุ่งโรจน์มงคล, 132 หน้า. 

เอนไซม์เอ็นเอส3/4เอ โปรทีเอสและนิวรามินิเดสมีบทบาทส าคัญในการตัดพันธะเปป
ไทด์และพันธะไกลโคไซด์ระหว่างการจ าลองตัวของเชื้อไวรัสตับอักเสบซีและไข้หวัดใหญ่ตามล าดับ 
ดังนั้นเอนไซม์เอ็นเอส3/4เอและนิวรามินิเดสทั้งชนิดดั้งเดิมและชนิดกลายพันธุ์ H274Y ของเชื้อ
ไข้หวัดสายพันธุ์ H5N1 และ pH1N1 จึงเป็นที่สนใจ โดยในขั้นต้นได้อาศัยเทคนิคการจ าลองพลวัต
เชิงโมเลกุลแบบดั้งเดิมเพ่ือศึกษารูปแบบการยึดจับ อันตรกิริยาการเข้าจับและประสิทธิภาพการ
ยึดจับระหว่างเอนไซม์เอ็นเอส3/4เอกับสารยับยั้ง (โบเซพรีเวียร์ เทลาพรีเวียร์ ดาโนพรีเวียร์ และ
บีไอ201335) และเอนไซม์นิวรามินิเดสทั้ง 4 สายพันธุ์กับลานินามิเวียร์ จากการค านวณพลังงาน
เสรีแบบแยกของแต่ละกรดอะมิโนโดยอาศัยวิธีการแก้สมการกลศาสตร์เชิงโมเลกุลแบบโมเดล
ทั่วไปของบอร์น (Generalized Born model) พบว่ากรดอะมิโนที่ต าแหน่ง 41-43 57 81 136-
139 155-159 และ 168 ของเอนไซม์เอ็นเอส3/4เอ และ 118-119 151-152 178 224 227 276 
292 and 371 ของเอนไซม์นิวรามินิเดสทั้ง 4 สายพันธุ์ มีความส าคัญต่อการยึดจับระหว่าง
เอนไซม์และสารยับยั้ง นอกจากนี้ยังพบว่าแรงแวนเดอร์วาลส์เป็นแรงกระท าหลักที่ช่วยให้การยึด
จับของสารยับยั้งการท างานของเอนไซม์เอ็นเอส3/4เอมีเสถียรภาพ ขณะที่แรงกระท าหลักที่ช่วย
รักษาเสถียรภาพของการยึดจับระหว่างเอนไซม์นิวรามินิเดสกับสารยับยั้งคือแรงระหว่างประจุ 
อย่างไรก็ตามมีการตรวจพบว่ายาที่ใช้รักษาส่งผลข้างเคียงผู้ป่วยไวรัสตับอักเสบ สารยับยั้งการ
ท างานของเอนไซม์เอ็นเอส3/4เอจึงยังคงเป็นที่ต้องการ ดังนั้นงานวิจัยนี้จึงได้ค้นหายาที่มี
ประสิทธิภาพจากสารประกอบในฐานข้อมูล ZINC ทั้งหมด 40 ลิแกนด์ โดยอาศัยเทคนิคการ
จ าลองพลวัตเชิงโมเลกุลแบบสเตียร์บนข้อสมมติฐานที่ว่าลิแกนด์ที่ใช้แรงฉีกมากแสดงว่าที
ประสิทธิภาพในการยึดจับกับเอนไซม์ได้ดี ซึ่งจากการศึกษาพบว่าที่สารประกอบ 9 ตัวที่น่าจะดี
เทียบเท่าหรือดีกว่าสารยับยั้งทั้ง 4 ตัว บนพ้ืนฐานเทคนิคการจ าลองพลวัตเชิงโมเลกุลที่ผสมผสาน
กลศาสตร์ควอนตัมและกลศาสตร์โมเลกุล (QM/MM MD) โดยใช้ระเบียบวิธี SCC-DFTB ส าหรับ
การค านวณกลศาสตร์ควอนตัม พบว่ากลไกการเกิดปฏิกิริยาเอซิลเลชันของเอนไซม์เอ็นเอส3/4เอ
กับโบเซพรีเวียร์และเทลาพรีเวียร์นั้นเกิดผ่านกลไกแบบคอนเซิดเต็ดเช่นเดียวกับสารตั้งต้นตาม
ธรรมชาติ โดยค่าพลังงานก่อกัมมันต์ส าหรับการเกิดปฏิกิริยาแบบย้อนกลับของทั้งสองระบบมี
ค่าประมาณ 19-23 kcal/mol ซึ่งค่าพลังงานดังกล่าวใกล้เคียงกับผลที่ได้จากการทดลอง 
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ENGLI SH ABSTRACT  

# # 5173880423 : MAJOR CHEMISTRY 
KEYWORDS: HEPATITIS C VIRUS / INFLUENZA A VIRUS / NS3/4A PROTEASE / 
NEURAMINIDASE / MD SIMULATION / STEERED MD SIMULATION / QM/MM MD 
SIMULATION 

ARTHITAYA MEEPRASERT: BINDING AND DYNAMICS OF HEPATITIS C VIRUS 
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COMPLEXATION WITH INHIBITORS BY MM AND QM/MM SIMULATIONS. 
ADVISOR: PROF. SUPOT HANNONGBUA, Dr.rer.nat., CO-ADVISOR: THANYADA 
RUNGROTMONGKOL, Ph.D., 132 pp. 

NS3/4A protease and neuraminidase (NA) enzymes play a crucial role to 
cleave the peptide bond and glycosidic bond during the replication process of hepatitis 
C and influenza viruses, respectively. Thus, NS3/4A and both wild-type (WT) and H274Y 
mutant of NA subtypes H5N1 and pH1N1 were focused. Initially, NS3/4A binding to the 
current inhibitors (boceprevir, telaprevir, danoprevir as well as NA bound with 
laninamivir were studied in order to investigate their binding pattern and ligand-target 
interactions as well as the binding efficiency using the conventional molecular 
dynamics (MD) simulation. The per-residue decomposition energy was calculated by 
molecular mechanics (MM)/generalized Born surface area (GBSA) indicating that the 
residues 41-43, 57, 81, 136-139, 155-159 and 168 of NS3/4A and 118-119, 151-152, 178, 
224, 227, 276, 292 and 371 of all 4 NAs are the key binding residues. Van der Waals 
interaction is the main contribution to NS3/4A protease inhibitors binding, whereas the 
main contribution stabilized laninamivir binding is electrostatic interaction. Since some 
side effects have been observed in patients who treated by approved anti-HCV drugs, 
the new potent NS3/4A inhibitors have been needed. Therefore the potent inhibitors 
against NS3/4A were searched from the collected 40 ZINC ligands using steered MD 
technique based on the hypothesis that the high rupture force is needed for the high 
efficiency ligand. It was found that 9 top-hit compounds were probably good as or 
better than the 4 current NS3/4A inhibitors. Based on the SCC-DFTB/MM MD simulation, 
the acylation step of NS3/4A binding to beceprevir and telaprevir was occurred in the 
concerted manner as same as the native substrates which their energy barriers for the 
backward reaction of both systems were 19-23 kcal/mol approximately. This result is 
somewhat similar to the experimental data. 

Department: Chemistry 
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Academic Year: 2013 
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CHAPTER 1 
INTRODUCTION 

Virus is the most important factor that leads to several human diseases for 

both infectious and non-infectious such as hepatitis C, influenza (flu), acquired 

immunodeficiency syndrome (AIDS), dengue fever and hand, foot and mouth disease 

(HFMD) etc. However, hepatitis C and influenza are only focused in this work 

according to it is well known that the influenza widely emerged and spread out all 

over the world, especially the avian flu (H5N1) and 2009 pandemic H1N1 (pH1N1). 

While over 170 million people in worldwide have been infected with the hepatitis C 

virus (HCV) that is the cause of several liver diseases including liver cancer and the 

number of infected people tends to increase every year. Lately, the novel anti-

influenza drug, laninamivir (LNV) was developed to inhibit the neuraminidase (NA) for 

both wild-type (WT) and oseltamivir resistant mutants which its binding pattern with 

WT and the H274Y mutant of both H5N1 and pH1N1 have not been published yet. 

For the HCV treatment, boceprevir and telaprevir were newly approved and 

marketed. Unfortunately, some side effects have been found in the HCV patients 

who have taken either boceprevir or telaprevir. Hence, the main goal of this work 

was to provide a comparative understanding of the drug-target interactions, binding 

pattern and binding affinity of laninamivir binding to both WT and H274Y mutant 

neuraminidases of H5N1 and pH1N1 as well as the HCV inhibitors (boceprevir, 

telaprevir, danoprevir and BI201335) binding to NS3/4A protease. The catalytic 

mechanisms of boceprevir and telaprevir have been additionally established as well. 

These molecular-level studies may give very useful information for designing and 

developing of the higher potential inhibitors in the future. 
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1.1 RESEARCH RATIONALES AND THEORIES 

1.1.1 Hepatitis C virus (HCV) 

HCV is the cause of chronic liver disease, liver inflammation, cirrhosis that 

possibly develops to be hepatocellular carcinoma. Recently, the Food and Drug 

Administration (FDA) have recently approved the four anti-HCV drugs (ribavirin, peg-

interferon, telaprevir and beceprevir). Unfortunately, some side effects have been 

found in the patients and approximately 40-50% of the genotype 1 patients 

medicated with ribavirin and peg-interferon combination have failed in the HCV 

treatment. Even though adding either boceprevir or telaprevir result in an increase in 

succeeded rate, it also increases the adverse side effects [1-4]. This is therefore it 

comes to be one of global health issues [5, 6]. In addition, the novel potent HCV 

inhibitors with less toxicity are still needed.  

 

Figure 1.1 The HCV ssRNA genome (top) and the polyprotein translational 
processing produced the 4 structural and 6 non-structural proteins 
(bottom) [7] 
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HCV is an enveloped virus of hepacivirus genus under the Flaviviridae family 

containing about ~9,600 nucleotide of positive single-straned RNA (ssRNA) genome 

[8]. After the gene encoding, a polyprotein precursor has been produced, and then it 

is proceeded by host and viral proteases in order to generate 4 structural proteins (C, 

E1, E2 and p7) and 6 non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) 

that are important for the viral replication as shown in Fig. 1.1. Among these 

individual proteins, the NS3/4A that is responsible for cleavage of the scissile peptide 

bond between P1’ and P1 sites of NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B 

substrates is one of the major drug-targets. To function as a serine protease enzyme, 

the required minimal number of residues is 180 amino acids counting from the N-

terminus of NS3 protein and 14 amino acids of the NS4A protein, which are 

embedded in NS3 protease domain [8]. Absence of the NS4A cofactor significantly 

decreased a proteolytic activity of NS3 protease owing to the His57 and Asp81 

conformations are unaligned and, then the NS3 protease is unable to cleave the 

peptide bond [9, 10]. It implies the presence of the NS4A cofactor is needed to 

adjust the three catalytic residues (His57, Asp81 and Ser139 as shown in Fig. 1.2) into 

the active conformation that is suitable for the Michaelis addition. The NS3/4A 

belongs to the trypsin/chymotrypsin-like serine protease family, but its binding 

pocket is rather solvent exposed and shallow (as displayed in Fig. 1.2) than the 

others, such as thrombin and elastase [11]. This leads to the drug design and 

development against the NS3/4A protease of HCV is somewhat more challenging. 

Thus, there is several researches both experimental and computational studies that 

focused on the NS3/4A.  
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Figure 1.2 (a) Molecular surface of the NS3 and NS4A cofactor bound with its 
inhibitor (vdW sphere). (b) The catalytic triad residues His57, Asp81 
and Ser139 (white ball and sticks) and the other residues in the 
binding site (green ball and sticks).  

 

According to the experimental study, different N-terminal hexamer products 

were able to effectively inhibit the NS3/4A protease activity towards the different 

target sites [12]. Substrate-like inhibitors have been continuously developed [13-15]. 

However, their pharmacokinetic properties are quite poor. These cleaved products 

were then consequently optimized or modified to the substrate mimic inhibitors by 

modifying the scissile peptide bond to an aldehyde, α -ketoamide and boronate 

groups etc. Generally, the NS3/4A protease inhibitor can be divided into 2 types; 
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covalent and non-covalent inhibitors. For the covalent inhibitor, the covalent bond is 

formed between an inhibitor and Ser139 which is similar to the HCV natural 

substrates, but the NS3/4A is incompetent to break this covalent bond resulting in an 

inactivation of the enzyme. This is because the P site of an inhibitor has been 

replaced with an electrophile warhead, such as α -ketoamide, aldehyde, 

trifluoromethyl ketone, α -ketoester, etc. Meanwhile, the non-covalent inhibitor, 

such as danoprevir, BI201335, and simeprevir commonly contains a carboxylic or 

sulfonamide groups instead of an electrophile warhead on the P-site and so an 

electrostatic interaction is mainly formed with Ser139.  

Even though several anti-HCV drugs were designed, the drug resistance has 

been detected. This is due to the virus has no proofreading and so the error rates 

(and thus mutation rates) during replication are relatively high. The currently 

prevalent resistant mutations in the HCV NS3 protease are summarized in Table 1. 

For example, the broad drug resistance due to the R155K mutation is the most 

frequently found mutation in infected HCV genotype 1 patients [16-18]. The 

mutations at Val36 and Thr54 residues show low and medium resistant levels 

towards keto-amide based inhibitors [16, 19, 20]. Apart from those drug resistances, 

the A156T mutation resulted in a high level of resistance to both boceprevir and 

telaprevir with a 400- and 390-fold increase in the Ki compared to that for the wild-

type, respectively [21]. Since it has a very high resistant fold, Guo and co-workers 

used the free energy perturbation (FEP) method in order to investigate the effects of 

the A156T or D168V/Q mutations towards boceprevir and telaprevir [22]. Then it was 

suggested that a decrease of their binding affinities might be due to the steric effect 
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obtained from the side chain of Thr156 resulting to a reorientation of the P2 and P3 

moieties of boceprevir and a repulsion of the P4 moiety of telaprevir.  

Table 1.1 Currently reported drug resistance mutations in HCV NS3 protease 

Residue Mutation Inhibitors 
Val36 [19, 20, 23-25] Ala, Met, Gly Boceprevir, Telaprevir 
Gln41 [24] Arg Boceprevir, Danoprevir 
Phe43 [24] Ser, Cys, Val, Ile Boceprevir, Telaprevir, Danoprevir, TMC435 
Thr54 [19, 20, 23-26] Ala, Ser Boceprevir, Telaprevir, BI201335 
Val55 [27] Ala Boceprevir, Telaprevir 

Gln80 [28] 
Lys, Arg, His, Gly, 
Leu 

TMC435 

Arg155 [19, 20, 23, 24, 26, 28] Lys, Thr, Gln, Gly Boceprevir, Telaprevir, BI201335, Danoprevir, TMC435 
Ala156 [19, 20, 23, 24, 26, 28] Ser, Thr, Val, Gly Boceprevir, Telaprevir, BI201335, Danoprevir, TMC435 

Asp168 [23, 26, 28] 
Ala, Val, Gly, Asn, 
Glu, Thr, Tyr, His, Ile 

BI201335, Danoprevir, TMC435 

Val170 [23, 24] Ala Boceprevir, Telaprevir 

 

1.1.2 Influenza A virus 

 

Figure 1.3 The chemical structures of the neuraminidase inhibitors, OTV, ZNV, 
PRV and LNV [29] 

 

Influenza A virus is widely spread out in worldwide causing a lot of human 

and poultry deaths, especially subtypes H5N1 (avian flu or bird flu) and 2009 

pandemic H1N1 (pH1N1) [30-32]. To date, there are 2 classes of anti-influenza drugs 

targeting on neuraminidase (NA) such as oseltamivir (Tamiflu) and zanamivir (Relenza) 
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as depicted in Fig. 1.3 and (ii) targeting on M2 channel such as amantadine 

(Symmetrel) and rimantadine (Flumadine). However, amantadine and rimantadine are 

resistance to seasonal H3N2 and pH1N1. They are not recommended to use for an 

influenza treatment whereas oseltamivir is the most usage and the most common 

drug taken (Fig. 1.4) as a capsule or suspension [33]. But it was found that several 

strains are resistant to oseltamivir [34-37]. Laninamivir (LNV) is highly effective against 

the NA of both influenza A and B viruses as well as the oseltamivir-resistant strains 

with a long-term of action which lately approved to market in Japan [38-40]. 

Nevertheless, understanding the drug-target interactions of laninamivir bound with 

the WT and H274Y of N1 strains may provide fundamental information that could be 

useful for a therapeutic application. 

 

Figure 1.4 (a) The total usage of oseltamivir in comparison with zanamivir and 
(b) oseltamivir usage each year in Japan, US and the rest of the world 
[36] 
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Figure 1.5 (a) The action of neuraminidase in the influenza life cycle and (b) 
the mechanism of neuraminidase inhibitor activity [41] 

 

The influenza NA is a glycoprotein locating on the viral surface and is 

responsible for the cleavage of the glycosidic linkage at the terminal sialic acid of 

host receptor in order to release the new viral progeny. Therefore, the inhibition of 

neuraminidase activity could block influenza transmission as represented in Fig 1.5. 

Based on the genetic and crystal structures, NA is divided into group-1 consists of N1, 

N4, N5 and N8 and group-2 contains N2, N3, N6, N7 and N9 [42]. These 2 groups differ 

in a cavity size on the 150-loop. However, the active site of all neuraminidases 

conservatively contains an arginine triad (Arg118, Arg292 and Arg371), Asp151, Arg152, 

Arg224, Glu276 and Y406, while the framework site normally contains Glu119, Arg156, 

Trp178, Ser179, Asp198, Ile222, Glu227, His274, Glu277, Asn294 and Glu245. 

According to its role, NA has become a main target for anti-influenza drugs 
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improvement that generally is designed based on a transition state of sialic acid  

including both oseltamivir and zanamivir [43-46]. However, the lack of proofreading 

capacity as found in the other RNA virus leads to increase the mutation rate of NA. 

That is also the cause of drug-resistant especially oseltamivir, hence the oseltamivir-

resistant has been more seriously concerned. The high-level resistance has been 

continuously reported. For example, the H274Y, R292K and R152K mutations in the 

NA of H1N1 increased the inhibition activity of oseltamivir up to 400-, 9,400- and 190-

fold compared to the wild-type, whilst the low-level resistance to zanamivir were 

observed for all variants excepting the H274Y mutant that is still sensitive [47]. 

Additionally, the H274Y NA of pH1N1 significantly reduced a susceptibility to 

oseltamivir, approximately 250-fold. The highly resistant of H274Y variant of subtype 

H5N1 to oseltamivir has been reported as well, with the 300- to 7,000-fold decreased 

affinity [48]. 

In 2009, peramivir was authorized by FDA for an emergency use to treat the 

patient who infected with pH1N1. Yamashita and co-workers subsequently 

synthesized the second generation of neuraminidase inhibitor, laninamivir (Fig. 1.3) 

[49] and then launched by Daiichi Sankyo Co. Ltd. in Japan and Biota. Besides it is 

able to inhibit both influenza A and B viruses, it provides a long-acting activity 

according to a gradual elimination from the respiratory tract. Therefore, laninamivir is 

a high efficiency NA inhibitor that might be accomplished with a single treatment 

[38]. 

In this work, understanding the drug-target interactions, binding pattern and 

binding efficiency of NS3/4A protease and neuraminidase inhibitors were investigated 
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by means of molecular dynamics (MD) simulation, while combined quantum 

mechanics and molecular mechanics (QM/MM) MD simulation was applied to 

examine the catalytic mechanism of NS3/4A protease with the current drugs. In 

addition, searching the potent inhibitor against NS3/4A was performed using the 

steered molecular dynamics (SMD) approach. These studies might provide useful 

information for further drug design and development and might lead to discover the 

potent inhibitors against the HCV protease. 

1.1.3 Steered molecular dynamics approach 

Steered molecular dynamics (SMD) method is a computational technique 

imitated the developed atomic force microscope (AFM) that determines a force 

required to take out a ligand from protein as displayed in Fig. 1.6 [50]. Hence SMD is 

a tool for prediction of the ligand-protein interactions, binding as well as unbinding 

processes.  Based on a classical MD simulation, a coulombic and Lennard-Jones 

potentials are also used for electrostatic and van der Waals (vdW) interactions. 

Differently, the external force is applied in term of a harmonic potential. A ligand is 

connected to a harmonic spring with spring constant (k), where the pulling force (F) 

and external potential (U) can be calculated as following. 

     (1.1) 

                            (1.2) 

 and  are an initial position and reaction coordinate at time, t, 

respectively. For the constant velocity SMD, the fluctuation of the force represents 

the interactions between protein and ligand along pulling pathway, in which the 
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higher force indicates the higher interaction strength. To perform the SMD simulation, 

it requires a pulling direction for applying an external force. However, the pulling 

direction is quite sensitive due to the binding pocket may be distorted during the 

simulation. 

 

Figure 1.6 A scheme of protein-ligand complex during the SMD, which a ligand is 
pulled out from the binding pocket using the harmonic potential [51] 

 

1.1.4 Combined quantum mechanics and molecular mechanics (QM/MM) 
molecular dynamics (MD) simulation  

Recently, the QM/MM methods are widely used to investigate the reaction 

mechanism of numerous enzymes and the other biomolecular systems since it was 

firstly revealed by Warshel and Levitt in 1976 [52]. According to the conventional MD 

approach, this method cannot model the chemical reaction such as proton transfer, 

bond breaking and forming due to the harmonic term in the force fields. Thus, the 

QM methods have been combined with the MM to solve this problem. For the 

QM/MM MD approach, the system is generally separated into 2 regions; the region 

involved in the reaction is calculated by a QM method, whilst MM is employed to 
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treat the rest of system as represented in Fig. 1.7. To calculate the total energy 

( ) of the QM/MM system in the additive approach, the energy of QM region 

( ) in absence of perturbation from MM is combined together with the MM 

energy ( ) and the QM/MM energy ( ) that represented the 

interactions between QM and MM regions. Note that the last term is calculated using 

MM force field. 

     (1.3) 

Figure 1.7 The QM region locating in the active site is calculated with QM 
method as shown in ball and stick and the rest system including 
solvent is treated with MM method [53] 

 

The easy way to calculate the  is to ignore an electrostatic coupling 

between QM and MM and treat the vdW and electrostatic interaction with MM 
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method. However, this may lead to a problem, if the reaction is related to a charge 

transfer due to the parameters and charges are constant along the simulation. 

Therefore, the point charges of the QM region are taken from the electronic structure 

of each step. The  can be computed as below. 

        (1.4) 

 and  are the number of atoms in the MM and QM regions, 

respectively. From the Eq. 1.4, the coulombic interaction between the total charge 

density of the QM region ( ) and the fixed MM point charge ( ) is represented in 

the first term, while the vdW interaction between the atoms in the QM and MM 

regions is denoted in the second term. The bonded term is additionally included for 

the system that the covalent bond is located at the QM/MM boundary. 

1.2 RESEARCH METHODOLOGY 

1.2.1 The structure and dynamics of proteins were calculated using the 
conventional MD simulation. 

1.2.1.1 The per-residue decomposition energy was computed by molecular 
mechanics/generalized Born surface area (MM/GBSA). 

1.2.1.2 The binding free energy and its components were calculated over 
100 snapshots of each simuation using MM/GBSA and/or molecular 
mechanics/Poisson-Boltzmann surface area (MM/PBSA), whilst the 
entropic term was calculated by nmode analysis. 

1.2.2 The SMD simulation was employed to pull ligands out from the binding 
pocket of the protein along a pathway, then the pulling forces were ranked in 
order to compare the binding affinity. 
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1.2.3 The reaction mechanism of the enzyme with the current drugs has been 
investigated by means of the QM/MM MD approach. 

1.3 OBJECTIVES 

1.3.1 To explore the structural properties and binding affinity of NS3/4A 
protease of HCV complexed with boceprevir, telaprevir, danoprevir and 
BI201335 

1.3.2 To screen the potent inhibitor against NS3/4A protease 

1.3.3 To investigate the reaction mechanism of NS3/4A protease with boceprevir 
and telaprevir bound 

1.3.4 To compare the structural properties and binding pattern of H5N1 and 
pH1N1 NA for both WT and H274Y mutant binding to laninamivir 

1.4 SCOPE OF THIS DISSERTATION 

In this thesis, the binding interactions of protease inhibitors (boceprevir, 

telaprevir, danoprevir and BI201335) binding to NS3/4A protease of HCV including the 

structural and dynamical properties were investigated using classical molecular 

dynamics (MD) simulations. From the result, it was found that the key residues 

stabilized the ligand binding are residues 41-43, 57, 81, 136-139, 155-159 and 168 in 

the NS3 domain. Even though the binding pattern of all ligands were somewhat 

different, the P3 site was likely to be recognized by A157 residue. Additionally, the 

binding affinity that was predicted by both MM/GBSA and MM/PBSA over 100 

snapshots of each MD, exhibits a similar trend to the experimental data. More details 

were discussed in Chapter 2. Consequently, the 40 ligands obtained from ZINC 

database were screened to search for the high potent inhibitors against HCV protease 

by means of SMD approach. There are top 9 compounds that showed the binding 

affinity higher or similar to the current inhibitors as discussed in Chapter 3. However, 
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the reaction mechanisms of NS3/4A protease with boceprevir and telaprevir have not 

been provided yet, therefore, their mechanisms have been explored using SCC-

DFTB/MM MD simulations with the umbrella sampling method. To study the reaction 

mechanisms of HCV protease with the 2 drugs, we presumed that their reactions are 

similar to the native substrates but the NS3/4A cannot cleave the keto-amide group 

of the ligand. Then there are consisted of 2 steps; the acylation (rate limiting step) 

and the proton transfer between His57 and hemiketal oxygen of the ligand. The free 

energy profiles along the reaction coordinates were plotted and discussed in Chapter 

4. 

The comparative study of the ligand-target interactions of laninamivir binding 

to the NA of both WT and H274Y mutant of H5N1 and pH1N1 strains was revealed in 

Chapter 5. In this chapter, the hydrogen bonding interaction and the per-residue 

decomposition energy of the surrounding residues were analyzed. In addition, the 

hydrogen bonds between laninamivir and the NA are conserved, even though the 

H274 residue is mutated to tyrosine. Therefore, laninamivir is able to inhibit both WT 

and oseltamivir-resistant strains. 



 16 

1.5 EXPECTED BENEFICIAL OUTCOMES 

1.5.1 Fundamental information of the structural properties, ligand-target 
interactions and the key binding residues involved in the binding of boceprevir, 
telaprevir, danoprevir and BI201335 to NS3/4A protease 

1.5.2 Discovery of the potent inhibitors that higher susceptibility than or similar 
to the current inhibitors 

1.5.3 Information of the reaction mechanism of NS3/4A protease with 
boceprevir and telaprevir bound 

1.5.4 Comparative information of the structural properties, ligand-target 
interactions and the key binding residues involved in the binding of laninamivir 
to the NA for both WT and H274Y mutation of H5N1 and pH1N1 strains 

From this thesis, it is anticipated that these results could be useful for a 

better understanding in the ligand-protein interactions of either NS3/4A protease or 

neuraminidase. Additionally, it may be used as a basic knowledge for a further drug 

design and development in the future. 
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2.1 ABSTRACT 

Hepatitis C virus (HCV) causes an infectious disease that manifests itself as 

liver inflammation, cirrhosis and can lead to the development of liver cancer. Its 

NS3/4A serine protease is a potent target for drug design and development since it is 

responsible to cleave the scissile peptide bonds in the polyprotein important for the 

HCV life cycle. Herein, the ligand-target interactions and the binding free energy of 

the four current NS3/4A inhibitors (boceprevir, telaprevir, danoprevir and BI201335) 

were investigated by all-atom molecular dynamics simulations with three different 

initial atomic velocities. The per-residue free energy decomposition suggests that the 

key residues involved in inhibitor binding were residues 41-43, 57, 81, 136-139, 155-

159 and 168 in the NS3 domain. Van der Waals interactions yielded the main driving 

force for inhibitor binding at the protease active site for the cleavage reaction. In 

addition, the highest number of hydrogen bonds was formed at the reactive P1 site 

of the four studied inhibitors. Although the hydrogen bond patterns of these 

inhibitors were different, their P3 site was most likely to be recognized by the A157 

backbone. Molecular mechanics (MM)/Poisson-Boltzmann surface area and 

MM/generalized Born surface area approaches predicted the relative binding affinities 

of the four inhibitors in somewhat similar trend to their experimentally-derived 

biological activities. 

2.2 INTRODUCTION 

Over 170 million people worldwide are infected with hepatitis C virus (HCV) 

and this is increasing at about 3–4 million new people every year [6]. Importantly, 

HCV is one of the major causes of liver inflammation which can eventually lead to 

cirrhosis, and in some cases might develop to hepatocellular carcinoma or liver 
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cancer [5, 6]. Regrettably, the approved anti-HCV drugs (ribavirin, peg-interferon, 

boceprevir and telaprevir) require a long duration of treatment with a very high cost 

as well as inducing some side effects, such as flu-like symptoms, anemia and 

hemolysis in HCV patients [54, 55]. Treatment with ribavirin in combination with peg-

interferon (PEG-IFN) shows only about a 40-50% success rate in HCV genotype 1 

treatment [1, 4]. This combination is used for inhibiting the polymerase and/or 

inosine monophosphate dehydrogenase, whereas the α -ketoamide inhibitors, 

boceprevir and telaprevir, target the NS3/4A protease. Consequently, the new and 

potentially promising high potent and selective non-covalent inhibitors, danoprevir 

(ITMN-191) and BI201335, were designed against the HCV protease. These two 

inhibitors are currently in phase 2 and phase 3 clinical trials, respectively [26]. In 

preclinical profiles, danoprevir presented a very high inhibition of all six HCV 

genotypes [56], while BI201335 displayed a high level of efficacy in inhibiting HCV 

protease genotypes 1 and 4-6, but was dramatically less effective against the other 

genotypes [57]. The NS3/4A protease in complex with each of the four aligned 

inhibitors is shown in Fig. 2.1.  Up to date, a comparative understanding of drug-target 

interactions of the α -ketoamide and non-covalent inhibitors binding to NS3/4A 

protease of HCV has not been provided yet. In this study conventional molecular 

dynamics (MD) simulations were performed to achieve this goal. 
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Figure 2.1 (A) The four current inhibitors (boceprevir, telaprevir, danoprevir and 
BI201335 shown by ball and stick model) binding to the active site of 
the HCV protease where the most hydrophilic and hydrophobic 
surface shaded by blue and orange red, respectively 

 

HCV is a positive-sense single-stranded (ss)RNA virus in the Hepacivirus genus 

(Flaviviridae family) encoding for approximately 3000 amino acids. After ssRNA 

translation, the polyprotein encodes for four structural proteins (C, E1, E2 and p7) 

and six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) that are 



 21 

subsequently produced by cleavage by protease enzymes of host cell and HCV 

origin. Among the non-structural proteins, the NS3 serine protease complexed with 

the NS4A cofactor and NS5B polymerase play an essential role in the viral replication 

process and so become one of the most attractive targets for anti-HCV drug design 

and development [58-61]. The NS3/4A cleaves the scissile peptide bond between 

the non-structural proteins, NS3/NS4A (self-cleavage), NS4A/NS4B, NS4B/NS5A and 

NS5A/NS5B, recognizing the D/EXXXXC/T-S/A amino acid sequence [8, 62]. The 180 

amino acids at the N-terminus of NS3 protein and 14 amino acids of NS4A cofactor 

have been shown to be essential for NS3/4A activity [6, 8, 63]. Without the NS4A 

cofactor, the HCV protease activity and cleavage rate acceleration are dramatically 

reduced due to the conformational change of the catalytic residues in the NS3 active 

site [8, 64].  

Based on the reported crystal structures of HCV NS3/4A protease [65-68], the 

active site located on a solvent exposable surface has a rather shallow pocket (Fig. 

2.1A) in comparison with the other chymotrypsin-like proteases [11, 69, 70]. This 

leads to a more challenging drug design and development. The designed protease 

inhibitors have generally been modified from the decapeptide (P6-P4') substrate and 

its cleaved products [13-15, 71]. For example, the scissile peptide bond has been 

substituted with α -ketoamide for boceprevir and telaprevir, sulfonate for danoprevir 

or carboxylate for BI201335 (Fig. 2.2). 
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Figure 2.2 Chemical structures of the four NS3/4A protease inhibitors boceprevir 
(SCH 503034), telaprevir (VX-950), danoprevir (ITMN-191) and 
BI201335. The P1', P1, P2, P3 and P4 substituents are colored by 
black, red, blue, green and purple, respectively. 

 

In this work, the all atomistic MD simulations in conjunction with binding free 

energy calculations were applied on the HCV NS3/4A protease in complex with its 

four inhibitors (boceprevir, telaprevir, danoprevir and BI201335) in order to investigate 

the key binding pattern, drug-target interactions and drug susceptibility. The 

theoretical information on drug specificity and targeted inhibition should be useful 

for HCV anti-viral drug design and development. 

2.3 MATERIALS AND METHODS 

2.3.1 Starting models and system preparation 

The structure of the NS3/4A protease of HCV genotype 1a with boceprevir, 

tetra-peptide inhibitor (similar to telaprevir), danoprevir (ITMN-191), and BI201335 (the 

last one is found in genotype 1b) bound were obtained from the respective crystal 
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structures (Protein Data Bank (PDB) entry codes 2OC8 [67], 2P59 [66], 3M5L [68] and 

3P8N [65]) and were then separately prepared as follows. To build the NS3/4A-

telaprevir complex, the P4 moiety of the tetra-peptide inhibitor was only modified to 

the cyclohexyl-2-pyrazin-2-ylcarbonyl of telaprevir. From the crystallization process, 

the catalytic S139 residue in the danoprevir complex was mutated to alanine using 

the site-directed mutagenesis [68] and so in this study the A139 residue was changed 

back to S139. The co-crystal structure of BI201335 bound to NS3/4A is of the HCV 

genotype 1b, and so the relevant 20 different amino acid residues were modeled to 

be the same residues as found in HCV genotype 1a from H77 strain as well as amino 

acid sequence of PDB entry code 2OC8 [67] using the protein preparation tool 

implemented in Discovery Studio 2.5 Accerys Inc.  

All system preparations and MD simulation processes were performed on the 

AMBER10 package program [72]. The protonation states of the ionizable amino acids; 

lysine (K), arginine (R), histidine (H), aspartic acid (D) and glutamic acid (E), were 

characterized by PROPKA 3.1 [73]. Note that the two catalytic residues H57 and D81 

were ionized as the neutral histidine with protonated -NH (HID type) and negatively 

charged aspartate in the boceprevir, telaprevir and danoprevir systems. For the 

BI201335 complex, the protonated ε -NH (HIE type) H57 and neutral aspartic acid 

D81 were used as derived from the 1H-NMR data [65]. The missing hydrogen atoms 

were added using the LeaP module in AMBER10. The AMBER ff03 force field was 

applied for the protein [74]. To prepare the partial atomic charges and parameters of 

each inhibitor, the structure was fully optimized by means of the HF/6-31g(d) level of 

theory using Gaussian03 [75]. The electrostatic potential (ESP) charges were 

consequently computed with the same method and basis set. The antechamber 
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package was employed to convert ESP charges to restrained ESP (RESP) charges. The 

AMBER ff03 force field [74] and general AMBER force field (GAFF) [76] were adopted 

for ligand parameters by the parmchk program. 

In order to find the optimum structures of NS3/4A complex, the hydrogen 

atoms were minimized with 1500 steps of steepest descents (SD) and followed by 

1500 steps of conjugated gradient (CG) using the SANDER module implemented in 

AMBER10 to diminish the bad contacts and steric hindrances. Each system was 

subsequently solvated with the TIP3P water model [77] in a cubic box within 10 Å 

around the protein surface and chloride counterions were added to neutralize the 

total positive charge of the complex. Afterwards, the SD and CG minimizations with 

1500 steps were respectively applied to optimize the counterions and water 

molecules, whereas the proteins and inhibitor were constrained with a force constant 

of 500 kcal/mol·Å2. Finally, the whole complex was kept free of any constraint and 

eventually minimized with 1500 steps each for SD and CG.  

2.2.3 Molecular Dynamics (MD) simulations 

Each prepared NS3/4A-inhibitor complex was performed by three 

independent MD simulations with different initial atomic velocities (namely MD1-

MD3) under periodic a boundary condition with the NPT ensemble. All covalent 

bonds involving hydrogen atoms in each system were constrained with the SHAKE 

algorithm [78]. The short-range cut-off of 10 Å for non-bonded interactions was 

applied, whilst the particle mesh Ewald (PME) summation method [79] was used for 

calculating the long-range electrostatic interactions. The simulation time step was of 

0.2 ps. The system was initially heated up to 298 K for 200 ps and was then 
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simulated at this temperature at 1 atm till 40 ns. The trajectories were collected 

every 2 ps for analysis. The root-mean square displacement (RMSD) and hydrogen 

bond (H-bond) were explored using the ptraj module of AMBER, whilst the per-

residue decomposition of MM/GBSA binding free energy ( ) and the total 

binding free energy ( ) were calculated by means of MM/PBSA and MM/GBSA 

approaches using the mm_pbsa module. 

2.2.4 Binding free energy 

The MM/PBSA and MM/GBSA approaches have been widely succeeded in 

predicting the binding free energies ( ) of many biomolecular systems [80-85]. 

In this study, both methods were applied to estimate the  between the 

NS3/4A protease and each ligand by computing  as the free energy 

difference between the complex ( ), protein ( ) and ligand ( ) as 

shown in Eq. (2.1). 

   (2.1) 

Each term was achieved from the averaged free energy over 100 trajectories taken 

from the last 20-ns simulation. The free energy was calculated separately from the 

enthalpy in the gas phase ( ) and the entropy term ( S), as shown in Eq. (2.2). 

       (2.2) 

The  of the system was predicted from the summation of the gas phase ( ) 

and solvation free ( ) energies. The  term includes the internal ( ), 

electrostatic ( ) and van der Waals ( ) energies, as shown in Eq. (2.3), 
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whilst the  term is the sum of the electrostatic and nonpolar components as 

outlined by Eq. (2.4). 

     (2.3) 

     (2.4) 

The  was investigated by means of either the Poisson-Boltzmann (PB) or the 

generalize Born (GB) models, while  is calculated using solvent 

accessible surface area (SASA) [86, 87] with a probe radius of 1.4 Å using Eq. (2.5). 

                     (2.5) 

Note that the dielectric constants were set to 1 and 80 for the solute and 

surrounding solvent, respectively. The values for surface tension constant  of 0.0072 

kcal/mol·Å2 was used. 

2.2.5 Decomposition free energy 

The contribution of each residue towards the ligand binding was estimated 

using the per-residue decomposition free energy ( ), based on the 

MM/GBSA approach. One half of the electrostatic interaction ( ) between atoms i 

and j of the protein and ligand, respectively, was taken to calculate the electrostatic 

contribution as outlined in Eq. (2.6). 

,                (2.6) 

The  and  represent the atomic charges of atoms i and j, respectively, 

and  is the distance between these two atoms. Alternatively, the per-residue 
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intermolecular vdW interaction ( ) was similarly attributed but avoiding double 

counting. The internal energy ( ) was equal to zero because the internal 

energies of the complex, protein and ligand that were calculated separately from the 

same trajectory. Therefore, the electrostatic free energy component based on the GB 

method was calculated by Eq. (2.7).  

         (2.7) 

The dielectric constant of solvent ( ) and the Debye-Hückel screening 

parameter (κ) were identified as 80 and 0, respectively, and  is a smooth function 

interpolating between atomic radii and the distance between atoms i and j, in which 

the double sum runs over all pairs of atoms. Note that the common expression of 

 was given by Eq. (2.8). 

         (2.8) 

The  and  are the effective Born radii of atoms i and j, respectively. 

According to the Eqs. (2.6) and (2.7), the contribution of atom i on the electrostatic 

free energy could be defined by Eq. (2.9).  

       (2.9) 

In addition, the  of atom i in the complex and the separated parts in 

the nonpolar component was given by Eq. (2.10). 

   (2.10) 
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The  and  are equal to zero depending on which molecule 

the atom belonged to.  

Taken altogether, the  was the summation of , , 

 and . Similarly, the binding free energy contributions of the 

residue, backbone and side chain were calculated separately from the related atoms. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Stability of global structures 

 

Figure 2.3 Root-mean square displacements (RMSDs) for all atoms of the four 
NS3/4A-inhibitor complexes compared to their initial structures from 
the three independent simulations (MD1-MD3) 

 

To determine the stability of the four MD systems from three independent 

MD simulations, the RMSDs of all atoms relative to those of starting structure versus 

the simulation time was plotted (Fig. 2.3). The RMSD values rapidly increased in the 

first 5 ns and fluctuated at approximately 2.5 Å until 40 ns in all complexes. The 

NS3/4A-danoprevir complex showed a higher fluctuation level during 12-18 ns (about 
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2-3 Å) and subsequently reduced to 2.5 Å at 20 ns till end of simulation. This is 

therefore the MD trajectories from 20-40 ns of the four studied systems were 

extracted for further analysis. 

2.4.2 Key residues for ligand binding 

 

Figure 2.4 Per-residue decomposition free energy of NS3 protease for the four 
studied inhibitors from the three independent simulations 

 

The per-residue decomposition of binding free energy ( ) based MM-

GBSA approach was used to scan the key residues important for ligand binding to the 

HCV NS3/4A protease, with the contribution of protease residues in the four 

complexes being shown in Fig. 2.4. Although the structures of the four inhibitors are 

significantly different (Fig. 2.2), they share similar orientations and binding interactions 
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at the protease active site (Fig. 2.1B). From the fingerprint in Fig. 2.4, NS3 residues 41-

43, 57, 81, 132-139, 155-159 and 168 are likely to have provided an energy 

stabilization of < -1 kcal/mol towards ligand binding, whilst there is no contribution 

from the NS4A cofactor (data not shown). The stabilization from these residues 

including the other residues within 8 Å sphere around ligand was separately 

considered into the contribution from their backbone and side chain in Fig. 2.5 (left), 

as well as in terms of the electrostatic ( ) and vdW (

) energies in Fig. 2.5 (right). Among the 24 residues plotted in Fig. 

2.5 (left), most residues likely stabilized the ligand through the backbone, such as 

residues G137, S138, A157, V158 and D168. All the residues greatly contributed to 

ligand binding through the vdW energetic term (up to -4.5 kcal/mol) mainly at the 

residues H57, D81 (only for BI201335), R155, A156, A157, and V158 (only for telaprevir 

and BI201335) with interactions of < -2.0 kcal/mol (Fig. 2.5, right). Meanwhile, their 

electrostatic energies were detected in the range of 2.4 to -2.0 kcal/mol in which the 

positive and negative values indicated the ligand destabilization and stabilization, 

accordingly. The obtained data resulted from the hydrophobic S3 and S4 sub-sites, 

the partially hydrophobic/hydrophilic S1 and S1' sub-sites, and the extended 

hydrophilic S2 sub-site (Fig. 2.1) [88].  
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Figure 2.5 (Left) Averaged energy contributions over the three independent 
simulations from the residue backbone and side chain for the four 
studied complexes of the NS3/4A protease with (A) boceprevir, (B) 
telaprevir, (C) danoprevir and (D) BI201335. (Right) Aver aged 
electrostatic and vdW energy contributions from each residue. Note 
the standard deviation among the three simulations is shown as 
error bar. 

 

As mentioned above that the binding pattern of the four inhibitors were 

typically comparable, however, the interactions at the two side chains of covalent 

and non-covalent inhibitors were different (Fig. 2.5 (left)). For non-covalent inhibitors, 

the fluoro-isoindoline and bromo-quinoline rings at the extended P2 site of 

danoprevir and BI201335 (Fig. 2.2) were highly stabilized by the R155 residue 
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especially by its aliphatic side chain through the vdW interaction. This strong 

hydrophobic contribution has been mostly found for protease inhibitors containing 

the aromatic ring at the extended P2 site [61, 69, 70, 89, 90] associated with the 

highly resistance to several anti-HCV drugs [68, 91-93]. Meanwhile, the K136 residue 

strongly interacted with their P1'-sulfonyl and P1-carboxylate groups, respectively. 

More different interactions were observed as follows. The strongest stabilization from 

the NS3/4A protease was found for danoprevir binding (Fig. 2.5, left), where the ten 

residues (F43, H57, K136, G137, S138, S139, R155, A156, A157 and V158) each 

provided an energetic contribution of < -1 kcal/mol. Of the three catalytic residues in 

the BI201335 complex, H57 provided the highest stabilization to the ligand (-4.6 

kcal/mol in Fig. 2.5, left) while the attractive contribution from the neutral D81 

residue was only found in this system. In contrast, there was rather low stabilization 

from S139 which is the residue center for the cleavage reaction in accordance with 

the predicted weak H-bonds at 11% and 47% occupancy (Fig. 2.6). Higher 

stabilization by residue D168 was found for BI201335 binding (-1.2 kcal/mol) and in 

addition the Y56, V78 and Q80 residues (-1.3, -0.8 and -0.8 kcal/mol, respectively) 

likely supported its extended P2 site. In addition, the salt bridge formation between 

R155 and D168 was only detected in danoprevir and BI201335 complexes (Fig.2.7), 

therefore the R155 conformation can be eventually affected by D168 mutation 

possibly related to the macrocyclic drug resistances [26]. This was formerly seen in 

the NS3/4A-TMC435 complex in which the energy change profile of TMC435 

suggested the interrupted interaction at the extended P2 site [90]. Alternatively, the 

Q41 and T42 residues at the N-terminus attractively interacted with the α -ketoamide 

at P1 site of boceprevir via electrostatic interactions of -0.5 and -1.1 kcal/mol, 
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respectively (Fig. 2.5, right) with a formation of three strong H-bonds (> 70% 

occupation in Fig. 2.6). Lastly, although the lowest energetic contribution was 

presented in the telaprevir complex, the C159 residue conferred a higher stabilization 

in this system than the other three inhibitors by ~1 kcal/mol (Fig. 2.5, left) mainly 

through vdW interaction (right).  

2.4.3 Hydrogen bond (H-bond) interactions 

 

Figure 2.6 The averaged percentage of H-bond occupation of the NS3/4A 
residues contributed to (A) boceprevir, (B) telaprevir, (C) danoprevir 
and (D) BI201335 over the three MD simulations where the standard 
deviation is given as error bar. 

 

Even though ligand binding was predominantly contributed by the vdW 

interactions as mentioned above, H-bond formation between the ligand and the 

surrounding residues of NS3/4A could be an important factor in the specific inhibition 

towards this targeted enzyme. Therefore, H-bond interactions were evaluated in 
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terms of the percentage of H-bond occupation using the criteria of (i) a distance 

between the proton donor and acceptor atoms ≤ 3.5 Å and (ii) the angle of the H-

bond ≥ 120 degree. Boceprevir and BI201335 were comprised of P1-P4 sites, whereas 

the P1' site is additionally connected to the P1 site in the cases of telaprevir and 

danoprevir (see Fig. 2.2). In order to reveal the specific binding at each sub-site of 

NS3/4A, the H-bond interactions were separately considered for the individual P site 

of inhibitor as shown in Fig. 2.6 and the 3D structure taken from the last MD 

snapshot from the MD1 simulation was chosen to display the inhibitor binding and 

interaction at the protease active site in Fig. 2.7.  
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Figure 2.7 The binding pattern of (A) boceprevir, (B) telaprevir, (C) danoprevir 
and (D) BI201335 in the NS3/4A active site demonstrated from the 
last snapshot from MD1 simulation. Note that residue H57 is in the 
HIE type and D81 is in neutral form for the NS3/4A--BI201335 
complex, whilst in the other complexes they are the HID type and 
negatively charged form, respectively. 

 

By considering the number of strong H-bonds (> 70% occupancy) with NS3 

residue (Fig. 2.6), the order of H-bond strength was of boceprevir (6) > danoprevir (5) 

> telaprevir (4) > BI201335 (3). All four inhibitors had no H-bond formation at the S2 

sub-site, although the two non-covalent inhibitors, danoprevir and BI201335, 

consisted of the fluoro-isoindoline and bromo-quinoline rings (Fig. 2.2). Only two 
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strong H-bonds with the backbone of A157 toward the P3 site at the carbamate 

nitrogen of danoprevir and BI201335 as well as the amide group of boceprevir and 

telaprevir were maintained as in their initial co-crystal structures [66, 88]. This might 

imply that the A157 backbone of the NS3 protease is a recognized site for ligand 

binding. They also shared the same interaction with R155 at the amide nitrogen of 

the P1 cleavage site but with different binding strengths. Note that these results were 

in accordance with the previous theoretical and experimental studies [61, 89]. 

Therefore the H-bond with R155 could be a common interaction between NS3/4A 

and inhibitors. In comparison with a potent macrocyclic inhibitor TMC435 [90], the H-

bond formed between the backbone of A157 and the P3 nitrogen of TMC435 was 

absent because this nitrogen atom was capped by the methyl group. More than 75% 

H-bond occupation with R155 was detected for danoprevir, BI201335 and telaprevir, 

whereas the interaction was rather weak for boceprevir (< 17%) with increased H-

bond distance by ~0.8 Å at the end of the MD simulations (Fig. 2.7A). Moreover, the 

P1-ketoamide of boceprevir in planar orientation (Fig. 2.7A) was well formed the five 

hydrogen bonds with Q41, T42, H57 and S139, while the interaction with S139 was 

only maintained in telaprevir due to the cyclopropyl termination at P1' site (Figs. 2.6 

and 2.7). The latter one is somewhat similar to that found for danoprevir, which 

contains a cyclopropylsulfonyl group but the amide oxygen at the P1 site was 

stabilized by S138 instead. Differentially, the carboxylate group at the P1 site of 

BI201335 formed five weak H-bonds with H57, K136 and S139 (Fig. 2.6D). At the P4 

site (Figs. 2.2 and 2.6), the peptide nitrogen of boceprevir strongly interacted with the 

A157 backbone oxygen, whilst this interaction could not be formed with danoprevir 

and BI201335 because of the change of this nitrogen to the carbamate oxygen. 
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Instead, a 41% and 8% H-bond occupation were detected between C159 and the P4-

amino oxygen of telaprevir. The P1' site of telaprevir and danoprevir made a strong 

H-bond with the side chain and backbone of S139, respectively. Additionally, that of 

danoprevir also formed a strong H-bond with side chain of G137. 

2.4.4 Binding affinity predictions 

Both MM/PBSA and MM/GBSA methods were employed in this study to 

estimate and compare the inhibitory efficiency of the four studied inhibitors against 

the HCV NS3/4A protease in terms of the binding free energy ( bindG ) and its 

energetic components (gas phase energy ( MME ), which is comprised of vdWE
 
and 

eleE energies, solvation free energy ( solG ) and entropic term ( T S  )), as 

summarized in Table 2.1. It seems that the total negative charge (-1e) of BI201335 

favorably enhanced electrostatic energy interaction towards the NS3/4A protease (

eleE  of -194.9 kcal/mol) by ~three- to five-folds relative to the other three inhibitors 

(-69.2, -44.3 and -39.8 kcal/mol for danoprevir, telaprevir and boceprevir, 

respectively). The vdWE  and eleE  almost equal contributed for the danoprevir 

binding, whist the higher stabilization by vdWE  of 6 and 12 kcal/mol was found for 

boceprevir and telaprevir. Although the eleE  contribution was relatively high in 

BI201335 complex, the vdWE
 
contribution in this complex (-67.3 kcal/mol) was in 

the same range to that of danaprevir complex (-66.8 kcal/mol). By including the 

solvation free energy, the vdW term ( ,nonpolar sol vdWG E  ) is a favorable contribution 

to the total binding free energies of all four NS3/4A inhibitor complexes, which were 

opposed by the unfavorable electrostatic term ( ,ele sol eleG E  ). This is due to 

relatively high positive values of polar solvation resulted from either PB or GB 
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models. So, the vdW interaction played an important role in the HCV NS3/4A 

protease with inhibitors in a good agreement with our previous study [94]. With a 

summation of the entropic term, both MM/PBSA and MM/GBSA methods agreed each 

other in binding free energy prediction of danoprevir (-27.5 and -36.4 kcal/mol) > 

BI201335 (-23.7 and -23.4 kcal/mol) > boceprevir (-16.3 and -19.4 kcal/mol) > 

telaprevir (-13.5 and -16.7 kcal/mol). The obtained results were relatively consistent 

with the experimental IC50 value8 rather than Ki value [56, 57].  

Table 2.1 Comparison of the averaged binding free energy and energetic 
components (kcal/mol) calculated using 100×3 MD trajectories from 
the three independent simulations and experimental IC50 and Ki 
(nM) values of the four inhibitors binding to NS3/4A protease of 
HCV 

 

2.5 CONCLUSION 

In this work, the multiple 40-ns classical MD simulations were applied to the 

HCV NS3/4A protease in complex with the two existing anti-HCV drugs, boceprevir 

and telaprevir, and the two highly potent inhibitors, danoprevir and BI201335, 
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currently in the clinical trial phase 2 and phase 3, respectively. Scanning of the per-

residue decomposition free energy from the NS3 and NS4A domains revealed that 

the ligand binding was favorably stabilized by the NS3 residues 41-43, 57, 81, 132-

139, 155-159 and 168 without any contribution from the NS4A domain. In addition to 

the free energy contributed from the individual residues, the total MM/PBSA and 

MM/GBSA binding free energies also likely suggested that the vdW energetic term is 

the key ligand-target interaction for NS3/4A protease of HCV. This is possibly because 

the binding site contains the hydrophobic residues at the extended S2, S3 and S4 

sub-sites as well as partly at the S1' and S1 sub-sites. Besides the importance of vdW 

interaction, the intermolecular H-bonds were highly formed at the reactive P1 site of 

all inhibitors (the cleavage reaction center), whilst their P3 site sustainably interacted 

with the A157 backbone. Taken altogether, the ligand-target interactions and total 

binding free energies revealed that the order of the studied inhibitor susceptibilities 

was of danoprevir > BI201335 > boceprevir > telaprevir, which was in somewhat 

similar trend to the experimentally derived data.  
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3.1 ABSTRACT 

Hepatitis C virus (HCV) infections are a serious viral health problem globally, 

causing liver cirrhosis and inflammation that can develop to hepatocellular 

carcinoma and death. Since the HCV NS3/4A protease complex cleaves the scissile 

peptide bond in the viral encoded polypeptide to release the non-structural proteins 

during the viral replication process, this protease is then an important target for drug 

design. The computer-aided drug design and screening targeted at NS3/4A protease 

of HCV were reviewed. In addition, using steered molecular dynamics simulations, 

potent inhibitors of the NS3/4A complex were searched for by screening the ZINC 

database based upon the hypothesis that a high rupture force indicates a high 

binding efficiency. Nine top-hit compounds (59500093, 59784724, 13527817, 

26660256, 29482733, 25977181, 28005928, 13527826 and 13527826) were found 

that had the same or a greater maximum rupture force (and so assumed binding 

strength and inhibitory potency) than the four current drugs  and so are potential 

candidates as anti-HCV chemotherapeutic agents. In addition, van der Waals 

interactions were found to be the main contribution in stabilizing the ligand-NS3/4A 

complex. 

3.2 INTRODUCTION 

Hepatitis C viruses (HCV) are enveloped positive single stranded RNA viruses in 

the Flaviviridae family, and are comprised of some eleven main genotypes (30-35% 

sequence difference between genotypes), multiple subtypes and some 100 strains 

that show different global distribution/infection patterns. Genotypes 1-3 tend to have 

a worldwide distribution with genotype 1a accounting for ~60% of the global 

infections, whilst genotypes 2 and 3 account for around 35% of global infections [23, 
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95-97]. Genotypes 4-11 are distributed more locally and typically account for a much 

lower proportion of infections, but local HCV populations and infection patterns can 

vary considerably from the above global average pattern. This is relevant since the 

virulence and optimal treatment can vary with each HCV genotype. 

Infection with HCV causes liver inflammation that can develop into cirrhosis, 

hepatocellular carcinoma and death, making hepatitis C one of the public health 

problems [5, 6]. Moreover, the global number of people infected with HCV is 

continuously increasing by about 3-4 million each year. The current drug applications 

used for the treatment of infections are principally the long term (24-48 weeks) 

administration of (i) peg-interferon (PEG-IFN), (ii) PEG-IFN in combination with ribavirin, 

and (iii) PEG-IFN/ribavirin with either boceprevir (Victrelis®) or telaprevir (Incivek®), 

but these exhibit increasing sustained undesirable side effects, such as flu-like 

symptom, anemia and hemolysis [54, 55]. Moreover, for the common and virulent 

HCV genotype 1, PEG-IFN combined with ribavirin has an approximate success rate of 

only 40-50% of treated patients [1, 4, 98], compared to almost complete success in 

the treatment of infection with HCV genotypes 2 and 3. Therefore, HCV inhibitors 

with an increased efficiency and decreased side effects are urgently needed.  

The HCV genome (~ 9,600 nucleotides) is initially translated as a precursor 

polyprotein (Fig. 3.1A) and then subsequently processed by host peptidases and viral 

proteases on the endoplasmic reticulum (ER) membrane into the four structural 

proteins (C, E1, E2 and p7) and six non-structural proteins (NS2, NS3, NS4A, NS4B, 

NS5A and NS5B), which is essential for viral replication cycle. 
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Figure 3.1 (A) Polyprotein of hepatitis C virus (HCV), where the green and blue 
present structural and non-structural proteins, respectively. (B) 
(Left) Structure of the NS3/NS4A cofactor complex with the 
inhibitor bound (vdW sphere), and (right) the catalytic triad 
residues (H57, D81 and S139 in white ball and sticks) and the 
other residues (violet ball and sticks) at the binding site. 

 

HCV generally has two principal drug-targets; its RNA polymerase and the 

protease enzymes. The RNA-dependent RNA-polymerase (RdRp) of HCV, catalyzing 

the RNA replication, lacks a proofreading activity which results in a high mutation rate 

and a large number of mutations [18]. The NS3/4A protease plays a critical role in 

producing the important components for viral RNA replication by cleaving the scissile 

peptide bond between the junctions of NS3/NS4A, NS4A/NS4B, NS4B/NS5A and 

NS5A/NS5B. NS3/4A is a serine protease belonging to trypsin/chymotrypsin 

superfamily, where the H57, D81 and S139 residues form an essential catalytic triad 

involved in the recognition of the D/EXXXXC/T-S/A sequence of substrates [8, 62]. 

Based on the available structure of HCV protease [65, 99, 100], there are three 

possible sites used for drug design: (i) substrate binding pocket, (ii) NS4A binding 
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groove and (iii) zinc binding site. At the last site, zinc ion is linked to three cysteine 

residues and a histidine via a water molecule which forms the tetrahedral 

coordination geometry resulting to non-dominantly specific pocket to any 

compounds. Since NS4A cofactor binds tightly to NS3 protease, it is rather difficult to 

develop the suitable inhibitors at the protein-protein binding site [101]. This is thus 

the substrate binding site only has potential to serve as target for anti-HCV drug 

design. Since the binding pocket of HCV NS3/4A is likely solvent exposable, shallow 

and hydrophobic than that of the other proteases such as thrombin and elastase 

[11], the design and development of drugs that can act as inhibitors of this protease 

is more challenging. The design of most of the existing protease inhibitors have been 

designed based on the decapeptide (P6-P4’) substrate of NS3/4A by subsequent 

modification of the functional group to prevent its cleavage by the catalytic residues 

(reversible competitive inhibitors). Since in other serine proteases the N-terminal 

products appear to be inhibitors of the enzyme itself including HCV protease (Table 

1), then these cleaved products of NS3/4A have also been used to optimize 

peptidomimetic inhibitors using aldehyde, boronate and α -ketoamide groups [12, 

102-105]. For example, the two current drugs, boceprevir and telaprevir (Fig. 3.2), that 

contain an α -ketoamide instead of a scissile peptide bond, have been used to 

inhibit the NS3/4A protease by forming a covalent bond to the hydroxyl group of the 

S139 residue in a reversible manner [104]. 
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Table 3.1 The biological activities of NS3/4A substrates and their cleaved 
products 

Substrate/Cleaved product Km (μM)a Ki (μM) a 
NS3-NS4A 

DLEVVT-STWV 
DLEVVT-OH 

 
nd* 

 
 

> 500.0 
NS4A-NS4B 

DEMEEC-ASHLPYK-NH2 
DEMEEC-OH 
DEMEEC-NH2 
ASHLPYIEQG-NH2 

 
10.0 

 
 

0.6 
80.0 

> 500.0 
NS4B-NS5A 

DCSTPC-SGSW-NH2 
DCSTPC-OH 
SGSWLRDVWDKK-NH2 

 
> 1000.0 

 
 

180.0 
> 300.0 

NS5A-NS5B 
EDVVAbuC-SMSY-NH2 
EDVVAbuC-OH 
SMSYTWTGALKK-NH2 

 
3.8 

 
 

1.4 
> 300.0 

*nd, not determined 

aKm and Ki are taken from the reference [12] 

The NS3 protein is composed of a serine protease domain at the N-terminal 

and a helicase/NTPase domain at the C-terminal and forms a non-covalent complex 

with the NS4A cofactor (Fig. 3.1B). Among 631 residues of NS3 protein, the minimum 

residues required for the protease activity is 180 amino acids counting from the N-

terminus and 14 amino acids of NS4A protein which is embedded in NS3 protease 

domain for activating the protease enzyme function. NS3 protease has two sub-

domains, N-terminus (residues 1-93) and C-terminus (residues 94-180), where each 

sub-domain contains the conventional six-stranded β  barrel [6, 8, 63]. Even though 

the reported full-length NS3/4A crystal structure [106] and molecular dynamics study 

[61] showed that the NS3/4A active site is located near helicase-protease interface 

resulting to the formation of ligand-helicase interactions, the kinetic properties of 
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truncated protease is likely similar to those of the full-length NS3/4A. Thereby, 

several previous studies on the HCV NS3/4A protease were focused on the truncated 

protease [59, 107-109]. In the crystal structure of NS3 protease without NS4A cofactor 

binding [110, 111], the imidazole ring of H57 catalytic residue is moved out from the 

S139 reaction center residue and thus it is unable to abstract the proton from the 

hydroxyl group of S139 while the carboxylic group of D81 turns away into the 

direction that cannot stabilize H57. Therefore, the presence of NS4A cofactor is 

needed to adjust the three catalytic residues of NS3 protease into the active 

conformation suitable for deprotonation of S139 and Michaelis addition. 

 

Figure 3.2 Chemical structures of the four NS3/4A protease inhibitors: 
boceprevir, telaprevir, danoprevir (ITMN-191) and BI201335 

 

In addition, two non-covalent inhibitors with strong electrostatic interactions 

with the NS3/4A catalytic pocket have also been developed (BI201335 and 

danoprevir (ITMN-191); Fig. 3.2) and are currently in phase 3 and phase 2 clinical 

trials, respectively [112]. Danoprevir (0.2 nM) showed an approximately 400-fold 



 47 

higher efficiency compared to boceprevir (80 nM) and telaprevir (87 nM) in the 

treatment of HCV genotype 1 infections in preclinical trials [56]. BI201335 (1.2 nM) 

inhibited the NS3/4A protease with a similar potency to boceprevir (1.1 nM), but was 

about three-fold more effective than telaprevir (3.2 nM). Moreover, whilst BI201335 

showed a high capability to inhibit the NS3/4A activity of HCV genotypes 1, 4, 5 and 

6, it was less potent against genotypes 2 and 3 being about 50-fold and 190-fold 

lower than against genotype 1 [57]. A subnanomolar inhibition activity of danoprevir 

was similarly found against these four genotypes, however its potency was decreased 

about 10-fold for inhibiting genotypes 2 and 3 [56]. Additionally, the side effects are 

commonly detected after treatment with boceprevir or PEG-IFN plus ribavirin [113]. 

The combination of these three drugs affect more serious anemia. Moreover, drug 

resistance has already been reported for the currently available commercial anti-HCV 

drugs, as summarized in Table 3.2, and is increasing in frequency. 

Table 3.2 Drug resistance profile of the four currently available NS3 protease 
HCV inhibitors 

Residue Mutation Inhibitors 
V36 [19, 20, 23-25] A, M, G Boceprevir, Telaprevir 
Q41 [24] R Boceprevir, Danoprevir 
F43 [24] S, C Boceprevir, Telaprevir, Danoprevir 
T54 [19, 20, 23-26] A, S Boceprevir, Telaprevir, BI201335 
R155 [19, 20, 23, 24, 26] K, T, Q Boceprevir, Telaprevir, BI201335, Danoprevir 
A156 [19, 20, 23, 24, 26] S, T, V Boceprevir, Telaprevir, BI201335, Danoprevir 
D168 [23, 26] A, V, G BI201335, Danoprevir 
V170 [23, 24] A Boceprevir, Telaprevir 

 

Recently, various computational techniques are available and potentially 

useful for designing, developing and exploring the novel inhibitors with higher 

efficiency and specificity than the existing drugs as well as understanding the key 
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drug-target interactions in a variety of diseases such as influenza [114-116], human 

immunodeficiency virus (HIV) infection [117], tuberculosis [118], chikungunya [85] and 

cancer [82]. The current available tools are for example molecular docking, 

quantitative structure-activity relationship (QSAR), comparative molecular field 

analysis (CoMFA), comparative molecular indices analysis (CoMSIA), molecular 

dynamics (MD) simulation and etc.  

da Cunha and co-workers [58] employed CoMFA approach to determine the 

best 3D-QSAR model on BILN 2061 derivatives. They predicted that substitution of 

the carbamate group of BILN 2061 with bulky group leaded to an increase in the 

inhibition efficiency, whereas the bulky group at the thiazole ring provided the 

unfavorable interaction. The potency of inhibitor can also be enhanced by replacing 

the thiazole ring with the low electron density functional group. It is well-known that 

the functional side chain of P2 and P3 residues of peptide inhibitors favors to be 

hydrophobic and hydrophilic groups, respectively. The 3D-QSAR contour maps of 

tetrapeptide analogue inhibitors [60] presented that the large favored negative 

charge contour of P3 residue apparently oriented toward the positively charged side 

chain of K136 while the favored hydrophobic contour allowed the P3 side chain to 

preferentially occupy in the hydrophobic pocket formed by V132, V158 and C159. In 

addition, the pharmacophore results suggested that the modification on P3 residue 

by extending its side-chain length could expand the binding interaction with the S3 

subsite. From the observed success of these ketoamide substituted compounds in 

inhibiting the HCV NS3/4A, derivatives have been continuously developed so as to try 

to obtain a higher inhibition efficacy [119-122]. For example, narlaprevir, a second 

generation NS3/4A inhibitor, was designed based on the boceprevir structure and 
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gave about a 10-fold improved inhibition [119]. The CoMFA, CoMSIA and HQSAR 

techniques were applied to build a QSAR model to investigate the relationship 

between the structure of the inhibitor and its biological activity, an advantage if not 

prerequisite for the design and development of higher efficiency inhibitors, using the 

190 derivatives of narlaprevir as the initial source for screening [109, 123-129]. The 

CoMFA contour map (Fig. 3.3) suggested that the R1 and R2 groups of narlaprevir 

should be modified with a larger chain, such as cyclic rings. A negatively charged R1 

group (sulfonamide group for example) and positively charged R4 group were 

predicted to increase the inhibition efficiency. Notice that the activity becomes worse 

if the R4 group is a large side chain and so this side chain should be small. Among 

the 16 best designed compounds, the 4 compounds had the highest predicted 

binding affinities that might be the anti-HCV drug candidates. 

 

Figure 3.3 The structure of the narlaprevir derivative scaffold [109] 

 

The molecular docking approach is generally employed for virtual screening 

and predicting the binding pattern in an active site of bimolecular systems, since it 

computationally uses up less CPU time. However, if the movement of the receptor is 

regulated as a rigid molecule, the prediction ability of molecular docking is rather 
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limited and sometimes inaccurate [130, 131]. For example, a range of indole 

derivatives were designed as NS3/4A inhibitors and docked into the NS3/4A binding 

site using molecular docking but subsequently some of the docking results were 

found to be in contrast to the observed experimental inhibition activity [132]. Besides 

the standard molecular docking (flexible ligand docking) method, the flexible 

receptor docking or induced-fit docking (GENIUS) approach allows the conformational 

change of both the ligand and receptor [133]. This method was used on the NS3/4A 

protease of HCV to screen for novel inhibitors. Initially 97 compounds were screened 

out of 166,206 compounds using the ranked GENIUS scores, but only 27 of these 97 

compounds were experimentally found to show more than 50% inhibition at 100 

µM. The two common scaffolds from these 27 compounds were then used for a 2D-

similarity search. Among the 140 matching compounds found the five compounds 

that was a new class of anti-NS3/4A candidate scaffold with IC50 values of < 10 µM. 

This finding may useful for the further drug design and development. The higher 

accuracy approaches, such as molecular mechanics Poisson-Boltzmann surface area 

(MM-PBSA), molecular mechanics generalized Born surface area (MM-GBSA), linear 

interaction energy (LIE), thermodynamic integration, potential mean force (PMF) and 

so on, are widely used and provide more reliable results, but they require a 

significantly higher computational time that restricts their application to screening 

larger datasets. As in previous work [83], molecular docking, MD simulation and MM-

PBSA methods were used in order to investigate the binding interaction between 

NS3/4A and polyphenol derivatives. Since the crystal structures of these complexes 

were not available, molecular docking was subsequently used to dock each 

compound into the substrate binding site (H57, D81, G137, S139, A156 and A157). 
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The MM-PBSA result gave the correlation coefficient between predicted and 

experimental binding free energies of 0.96. Ideally, a trustworthy method that 

demands a relatively low CPU time is optimal for high throughput screenings that are 

otherwise logistically impractical with the CPU intensive methods. The steered 

molecular dynamics (SMD) approach has been proposed as one such potential good 

choice as it can be rapidly used to investigate the unbinding process of ligands from 

the receptor, the unfolding mechanism of bimolecular systems, transportation of 

small molecules through channels and for screening hit-lead compounds [134-137]. 

In the last case, it is based on the hypothesis that the larger rupture force is required 

to pull a higher susceptibly ligand out from its receptor. Recently, the SMD approach 

was successfully applied to evaluate the binding affinity of the neuraminidase 

inhibitors of influenza A pH1N1 virus as well as other designed compounds obtained 

from NCIDS library [136].  

This work then focuses on screening for potential inhibitors of the HCV 

NS3/4A protease complex. To this end the search for ligands that are potential new 

potent anti-HCV drug candidates was performed by screening the ZINC database [37] 

using SMD simulations to remove each docked ligand from the NS3/4A (HCV 

genotype 1a) binding pocket with a constant velocity. Afterwards, the binding 

efficiency of each ligand was predicted from the maximum pulling force (Fmax). Note 

that the four known HCV NS3/4A protease inhibitors (boceprevir, telaprevir, BI201335 

and danoprevir) were also included in this SMD screen for validation by comparison 

of the obtained theoretical data to their known experimental inhibition activities [56, 

57]. 
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3.3 MATERIALS AND METHODS 

3.3.2 NS3/4A protease and inhibitor complexes preparation 

The three-dimensional structures for the complexes of NS3/4A protease of 

HCV genotype 1a bound with boceprevir, telaprevir and danoprevir were obtained 

from the Protein Data Bank (PDB) with PDB entry codes 2OC8 [88], 2P59 [66] and 

3M5L [100], respectively. In contrast, the BI201335 complex was modeled from the 

X-ray structure of this compound bound to the HCV genotype-1b protease (3P8N 

[65]) by employing the macromolecules tool in the Discovery Studio 2.5Accerys Inc. The 

protonation state of all ionizable amino acids (R, K, D, E and H) were considered at 

pH = 7.0. Additionally, the H protonation state was determined by considering the 

possibility of hydrogen bond formation with the surrounding residues. The 

development of atomic charges and empirical force field parameters for the inhibitor 

were developed according to the standard procedure [82, 84, 138, 139]. The atomic 

charges of each drug were calculated using the HF/6-31g(d) method with the 

Gaussian03 software [75], which were then fitted into RESP charges using the 

ANTECHAMBER module implemented in AMBER10 [72, 140]. The atom types and the 

other parameters of each ligand were assigned by AMBER force fields [74] and GAFF 

[76]. Afterwards, the ACPYPE [141] was used to convert the AMBER file format to 

GROMACS format. 

3.3.2 Set of ligands and molecular docking 

To search for potent inhibitors of the NS3/4A protease of HCV genotype 1a, 

the ZINC database [142] (over 21 million compounds in ready-to-dock 3D formats) 

was first selected to collect 40 compounds using the criteria that the ligand-target is 
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a serine protease enzyme and the net charge of the ligand is less than or equal to 1. 

Atomic charges, atom types and other parameters of all ligands were prepared as 

described above. Subsequently, each ligand was then flexibly docked into the rigid 

NS3/4A binding pocket using the GOLD (Genetic Optimization for Ligand Docking) 

suite version 5.1 from the Cambridge Crystallographic Data Center (CCDC). The 

Genetic Algorithm (GA) was applied to explore the possible conformations and 

orientations of all compounds in the drug binding site where CHEMPLP was used as 

the fitness function [143]. For each docking simulation, 30 GA runs were performed 

with 100,000 genetic operations and a population size of 100 chromosomes. Note 

that the docked results with 30 GA runs are relatively similar to the higher GA runs 

up to 50 and 100. The crossover, mutation and migration frequencies were set at 95, 

95 and 10, respectively, while the selection pressure was fixed at 1.1. However, the 

GA will be terminated early if the top three dockings are within 0.15 nm of the RMSD 

of all atoms. With respect to the flexibility of the ligand, the protonated carboxylic 

acids and all planar moieties containing R-NR1R2 were allowed to flip. The 1.2 nm 

sphere radius around the catalytic residue S139 was defined as a binding site. The 

conformer with the highest CHEMPLP docking score and intensively interacting with 

the NS3/4A binding residues was considered as the best binding mode and adopted 

as the starting structure for SMD simulations in the next step. Again, the partial 

charges and parameters for each compound from the ZINC database were prepared 

in the same way as the known inhibitor (described above). 

3.3.3 Steered Molecular Dynamics (SMD) simulations 

The NS3/4A protease-ligand complexes were embedded in a rectangular box 

of dimensions of 7.0 × 7.5 × 10.0 nm that contained ~16,000 molecules of TIP3P 
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water [77]. Chloride ions were added to neutralize the whole system. The center of 

mass of the NS3/4A protease was placed at 3.50, 3.75 and 3.50 nm. The unbinding 

tunnel’s vector starting from the protein active site to the calculated end point of 

tunnel was relocated and re-rotated to Z-direction using editconf module 

implemented in GROMACS. Note that the vector direction was checked by adding 

dummy atoms to identify its direction prior to SMD performed. All molecular 

dynamics (MD) and SMD simulations were performed using the GROMACS 4.5.5 

package [144, 145] with the AMBER ff03 force field [74]. Firstly, the added solvent 

and ions were energetically minimized using steepest descent (SD) while the other 

molecules were constrained. The receptor was then minimized by SD method with a 

constrained solvent. Finally, the entire system was minimized by SD and conjugated 

gradient (CG), respectively. Each minimization converged when the maximum force 

was ≤ 100 kJ/mol·nm. MD simulations were initially heated from 0 to 298 K for 100 

ps with the NVT ensemble using the Berendsen procedure. Afterwards, the 

simulations with NPT ensemble were performed at 298 K and a pressure of 1 atm 

(~101.33 kPa) for 200 ps using the Parrinello-Rahman pressure coupling approach to 

maintain a constant pressure, whilst the solute was restrained with 200 kJ/mol·nm2. 

Thereafter, the restrained force was decreased to 100 kJ/mol·nm2, and the 

simulation was continuously equilibrated for 200 ps. To ensure that the complex 

structure was stable prior to SMD calculation, the system was then fully equilibrated 

for 1000 ps. The LINC algorithm was applied to constrain all bonds [146]. A time step 

of 2 fs with a van der Waals interaction cut off of 1.4 nm was used. Meanwhile, the 

long-range electrostatic interactions were evaluated by means of the particle mesh 
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Ewald (PME) summation method [147, 148]. The non-bonded interaction pair-list was 

truncated at 1.0 nm and updated every 10 fs. 

After equilibration, the bound ligand was pulled out from the binding pocket 

of the NS3/4A protease with a constant velocity (v) of 0.005 nm/ps along the z-

direction using harmonic potential on the ligand, whereas the C-alpha atoms of all 

amino acids were restrained. The force was applied on an atom close to the center 

of mass of the ligand with a spring constant (k) of 600 kJ/mol·nm2 (~996 pN/nm). 

While a pulled ligand was moving, the hydrogen bonds with NS3/4A were gradually 

ruptured. The total force can be measured via F = k(vt-x), where x is the 

displacement of pulled atom from the starting position. Four and three independent 

simulations were performed for each known inhibitor and ZINC compound, 

respectively, using the different seed numbers in order to confirm the consistency of 

results.  

3.4 RESULTS AND DISCUSSION  

3.4.1 Choice of pulling path  

Caver 2.1 [149, 150], implemented in Pymol, was employed to generate the 

possible pathways of pulling a ligand out from the drug binding site of the NS3/4A 

protease. As well-known that the rupture force is sensitive to the pulling direction 

[151, 152], therefore it is needed to verify which pathway is most suitable for ligand 

unbinding. The three possible pathways for unbinding ligands from the NS3/4A active 

site together with their average radius and depth are shown in Fig. 3.4A. Since the 

easiest or main unbinding pathway could confer the lowest rupture force, it is 

hypothesized that the shallowest and/or widest tunnel could be the easiest 
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pathway. This is because the leaving ligand supposes to interact with minimal 

number of amino acids along the tunnel. According to this hypothesis, the pathway 1 

with an average radius of 0.13 nm and depth of 1.40 nm was chosen. Additionally, 

the seven possible pathways of pulling were generated (pathways 4-10 in Fig. S1 the 

supporting information) in order to assure that the pathway 1 is the main tunnel. 

Even though the tunnels 4 (0.17 nm), 9 (0.14 nm) and 10 (0.17 nm) seem rather wider 

in comparison with that of the tunnel 1 (0.13 nm), their lengths are significantly 

longer by approximately 0.81, 0.01 and 2.64 nm, respectively. Whereas, the rest 

tunnels (pathways 5-8) are slightly either narrower or deeper than those of pathway 

1.  

To ensure that the first tunnel had the smallest rupture force for pulling the 

ligand, boceprevir was pulled out from the pathways 1-3. The derived force-time and 

force-displacement profiles are summarized in Fig. 3.4B and 3.4C where the 

displacement (extension) refers to the distance between the ligand positions at time 

t = tx and t = t0. The rupture force (Fmax) obtained from the third tunnel was much 

higher than that in the other two tunnels, since its cavity (Fig. 3.4A) is rather narrow 

at the active site as well as significantly longer (3.52 nm). Interestingly, among 

pathways 1-3, the direction of the third tunnel is only pointed to HCV helicase 

domain [61, 106] leading to deeper tunnel which could consequently result in a 

higher rupture force. Meanwhile the average radius in pathway 2 was the smallest in 

width (0.09 nm) but the Fmax of the first pathway displayed a slightly lower Fmax than 

the second tunnel in accordance with its 0.89 nm shorter length. In addition, the first 

two pathways reached the maximum point at almost the same time (~226 ps), while 

the third pathway took ~ 50 ps longer (Fig. 3.4B and 3.4C). After that the interaction 



 57 

between NS3/4A and boceprevir suddenly decreased together in all three cases to 

an elongation of the extended distance (ligand displacement) of more than ~ 1.5 nm 

(Fig. 3.4C).  

Figure 3.4 (A) Three possible pathways shown with their average radius and 
depth for ligand unbinding path constructed by pulling boceprevir 
from the NS3/4A binding site. (B) The force-time and (C) force-
displacement profiles of boceprevir along the three pathways shown 
in (A). 
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Taken together, the first tunnel, which is surrounded by the V55, H57, S139, 

G140, F154, R155 and A156 residues of the NS3/4A complex, was the easiest way for 

the ligand to escape from the NS3/4A binding site to the bulk phase. Accordingly, this 

was used in further simulations for screening the compounds by SMD simulations.   

3.4.2 Validity of the SMD approach 

To test the potential reliability of the SMD simulations prior to using this 

approach to screen for hit-lead compounds for NS3/4A protease inhibition from the 

ZINC database, the four known NS3/4A protease inhibitors (boceprevir, telaprevir, 

BI201335 and danoprevir) were pulled out from the binding pocket along pathway 1 

(Fig. 3.4). Their geometries at the equilibrium state were then superimposed, as 

shown in Fig. S3. The force-time and force-displacement profiles of each of the four 

inhibitors are plotted in Fig. 3.5, while the profiles obtained from the other three 

SMD simulations with different starting velocities are given in Fig. S2 (supporting 

information). With respect to the force-time profile (Fig. 3.5A), the force increased 

linearly over time to reach the maximum force, defined as the rupture force (Fmax), 

due to the gradual disruption of the hydrogen bonds, electrostatic and van der Waals 

interactions enforced by the increased distance between the ligand and binding site 

induced by the external applied force at a constant velocity of 0.005 nm/ps. After 

reaching Fmax the force immediately decreased, although a minor peak was possibly 

observed due to the newly formed interactions with the residues located along the 

pathway, as seen for BI201335 for example.  
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Figure 3.5 (A) The force-time and (B) the force-displacement profiles of the four 
inhibitors pulled from the NS3/4A protease binding site through the 
selected tunnel (pathway 1 in Fig. 3.4A), where in (A) the x-axis refers 
to the extended distance from the referen nce position of the ligand 
(at t = 0) 

 

With respect to the force-displacement plot (Fig. 3.5B), the boceprevir, 

telaprevir and BI201335 ligands successfully escaped from the NS3/4A protease at 

nearly the same distance as each other at ~1.5 nm and after ~350 ps (Fig. 3.5A), 

whilst the danoprevir was freed later (~400 ps) at a distance of ~2.0 nm. That the 

NS3/4A-danoprevir complex takes the longest time and the highest force to remove 

it suggests that it  is the most stable complex, whilst accordingly the NS3/4A-
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telaprevir would be the worst due to the required lowest applied force to unbind it. 

The susceptibility of boceprevir towards the NS3/4A protease was predicted to be 

comparable to that of BI201335. For comparison with the experimentally derived 

data [22, 23], the theoretically (SMD) derived rupture force (Fmax obtained from Fig. 

3.5) was plotted with the experimental binding free energies, derived from their 

reported inhibition activities as IC50 [56] and Ki [57] values (Fig. 3.6). The Fmax values 

obtained from the SMD simulations corresponded relatively well to the 

experimentally derived data, with the binding efficiency ranked (highest to lowest) as 

danoprevir > boceprevir ~ BI201335 > telaprevir. Therefore, the SMD approach was 

viewed as having the potential to obtain qualitatively reliable binding affinities and 

so could be used for screening the hit-lead compounds of the NS3/4A protease of 

HCV from the ZINC database.  

 

Figure 3.6 The correlation between the rupture force (Fmax) and the calculated 
binding free energies obtained from the experimental values, based 
on   where R = 1.987×10-3 kcal/mol, T = 298 K, Ki is inhibition 
constant and IC50 is the half maximal inhibitory concentration 
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3.4.3 Ranking of binding affinity of ligands 

 

Figure 3.7 Ranking of the binding affinity to the NS3/4A protease of the top 40 
ligands from the ZINC database and the four currently used HCV 
inhibitors (shown in grey) for comparison 

 

After three independent MD simulations for each ligand-NS3/4A protease 

complex, each compound from the ZINC database was pulled out from the NS3/4A 

binding pocket using the same procedure applied for the known inhibitor-protease 

complex described above. The average Fmax values derived from the multi-

simulations with their standard deviations for all 40 compounds were ranked with 

those of the four inhibitors in Table S1 (supporting information) and plotted in Fig. 

3.7. The CHEMPLP scores derived from the docking analysis are also given in Table S1 

for comparison.  

In comparison between docking score and SMD rupture force for the 44 

ligands (Table S1), although the best potent ligand predicted from both methods is 

danoprevir, the docking cannot well predict the binding affinity of the known 
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inhibitors (danoprevir > BI201335 >> telaprevir > boceprevir) unlike the SMD 

(danoprevir > boceprevir ~ BI201335 > telaprevir). This is because the docking 

method contains the uncontrollable factors such as neglecting the protein dynamics 

and limiting in the trial number of ligand position. Additionally, the CHEMPLP scoring 

function is a force field based scoring which ignores the internal protein energy [153]. 

Therefore, the top-hit ligands screened from the calculated rupture force are further 

discussed in details. 
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Figure 3.8 (A) Superimposition of the last snapshots for NS3/4A in complex with 
the best nine screened compounds from the ZINC database: 
59500093 (black), 59784724 (red), 13527817 (green), 26660256 (blue), 
29482733 (cyan), 25977181 (pink), 28005928 (yellow), 13527826 (olive 
green) and 13471529 (navy blue). The (B) and (C) force-time profiles, 
and (D) and (E) force-displacement profiles were obtained from the 
representative trajectories. 
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From the Fmax values, danoprevir, which is currently in phase 2 clinical trials, 

was predicted to have the highest efficiency of ligand binding against the NS3/4A 

protease of HCV (genotype 1a) with an Fmax value of approximately 1572 pN. The 

ZINC compounds 59500093 and 59784724 (Fmax values of 1222 and 1137 pN, 

respectively) were predicted to interact with the NS3/4A protease considerably 

better than the two approved drugs of boceprevir and telaprevir (Fmax values of 1058 

and 859 pN, respectively) and better than BI201335 (1000 pN) that is currently in 

phase 3 clinical trials. In addition, compounds 13527817 (951 pN) and 26660256 (912 

pN) are predicted to form a more stable complex with NS3/4A than telaprevir. 

However, there were an additional five ligands (29482733, 25977181, 28005928, 

13527826 and 13471529; at 811, 800, 780, 767 and 763 pN, respectively) that were 

capable of binding to the NS3/4A protease within the range of one standard 

deviation of that for telaprevir (859 ± 58 pN). Apart from these nine compounds, the 

remaining 31 ligands form the top 40 hits obtained from screening the ZINC database 

showed lower Fmax values (< 750 pN) that were less than the one standard deviation 

limit of telaprevir (800 pN) and so are likely to be inferior inhibitors. Accordingly, 

these nine best (highest Fmax) compounds from the ZINC database (59500093, 

59784724, 13527817, 26660256, 29482733, 25977181, 28005928, 13527826 and 

13527826) were selected as potential candidates for NS3/4A inhibitors of HCV 

genotype 1. Their force-time and force-displacement profiles are summarized in Fig. 

3.8. It can be seen that these compounds were placed in the similar orientation as 

the four known inhibitors (Fig. S3). Interestingly, the four screened compounds 

(59500093, 59784724, 13527817 and 26660256) with Fmax values that were greater 
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than that for telaprevir all contain an aromatic ring that occupied the S2 binding 

pocket. 

 

Figure 3.9 Time dependencies of the hydrogen binding number of top 13 
ligands, the arrow pointed at Fmax 

 

The time dependence of the van der Waals (EvdW) and electrostatic (Eele) 

interactions between the top ranked 13 ligands and the NS3/4A residues obtained 

from the first simulation are depicted in Fig. 3.10. The number of hydrogen bonds 

per unit time is plotted in Fig. 3.9. It is worth noting that in all the systems except for 

59784724, BI201335 and 29482733, the vdW interaction is noticeably higher than 

electrostatic interaction along the pulling time. To understand the ligand-target 

interactions that potentially correspond to the binding efficiency, the summation of 

the vdW and electrostatic energies obtained at Fmax were considered. Among the 13 
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ligands, danoprevir, formed six hydrogen bonds with active site residues, showed the 

lowest energy summation of -82 kcal/mol (EvdW and Eele of -49 and -33 kcal/mol) at t 

≈ 375 ps and afterwards all the interactions were suddenly lost. The screened 

59500093 and 59784724 compounds, which contain macrocyclic and isoindole rings 

as per danoprevir, had a relatively high energy summation (-78 and -72 kcal/mol, at t 

≈ 250 ps). In the case of BI201335, the carboxylate group at the P1 moiety can 

interact with the G137 and S139 residues at the NS3/4A catalytic pocket leading to a 

higher net negative value than for the other compounds. At t ≈ 200 ps, compounds 

13527817 and 26660256 provided a kcal/mol higher Eele contribution at Fmax than 

telaprevir, whilst their vdW energies were almost equal. Although the energy 

summation of the other eight ligands was not significantly lower, they moved out of 

the NS3/4A binding pocket faster (t < 200 ps).  
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Figure 3.10 Electrostatic (Eele) and van der Waals (EvdW) energies (shown in 
grey and black line, respectively) as the ligand is withdrawn at a 
constant force per unit time for the top thirteen ligands 
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Figure 3.11 Close up of the NS3/4A protease in complex with danoprevir (green 
ball and stick model) at (A) the equilibrium state (before pulling), 
(B) the maximum point (Fmax at t = 385 ps in Fig. 3.4), and (C) the 
independent state (after passing the maximum point at t = 450 ps). 
The blue and orange colors represent hydrophilic and hydrophobic 
surfaces, respectively 
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Figure 3.12 Hydrogen bond formation between danoprevir and its binding 
residues in HCV NS3/4A protease at (A) the equilibrium state, (B) 
the maximum pulling force in correspondence to Fig. 3.11 

 

By following the SMD snapshot of NS3/4A-danoprevir complex at the 

equilibrium state (before pulling the ligand out of pocket), it was presented that the 

danoprevir was surrounded by Q41, T42, F43, V55, H57, Q80, D81, R123, I132, L135, 

K136, G137, S138, S139, F154, R155, A156, A157, C159 and D168 (Fig. 11A where the 

nine selected residues were shown). This inhibitor was strongly stabilized via the 

hydrogen bonds with H57, K136, G137, S139, R155 and A157 (Fig. 3.12A). At the 

maximum peak of pulling force (Fig. 5 at t = 385 ps), the sulfone group of danoprevir 

and the side chain of Q41 were flipped together to form a new hydrogen bonding 

interaction (with a distance of 0.33 nm in Fig. 3.12B), while one more water was 

detected and acted as a center of hydrogen bond network between its carbamate 

oxygen atom and the two residues, A157 and C159. Meanwhile, the other binding 

site residues were slightly changed since the center of mass of danoprevir was 

moved away only about 0.16 nm from the pocket resulting in a loss of interaction 

with H57. Likewise, many water molecules gradually came closer to the drug binding 
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site in an effort to solvate, occupy and stabilize the binding pocket instead of a 

pulled ligand (Fig. 3.11). 

3.5 CONCLUSION 

The SMD technique was applied to screen for potentially potent anti-HCV 

agents from the ZINC database based on the hypothesis that a high required rupture 

force (Fmax) for pulling the ligand out of the NS3/4A binding site equates to a high 

predicted binding affinity and so inhibition efficiency. To validate the method, the 

four known HCV inhibitors (boceprevir, telaprevir, danoprevir and BI201335) were also 

subjected to the same SMD analyses, where the derived Fmax values were found to 

be in good agreement with the experimentally derived inhibition activity data. 

According to the ranked Fmax, the 40 top hit compounds from the ZINC database 

were reduced to nine (59500093, 59784724 13527817, 26660256, 29482733, 

25977181, 28005928, 13527826 and 13471529) that were, from the above 

assumption, likely to be as good as or better than the four current inhibitors. 

Compounds 59500093 and 59784724 were predicted to have a higher potential than 

the existing commercial drugs (boceprevir and telaprevir) and the BI201335 inhibitor 

that is currently in clinical phase III trials. Compounds 13527817 and 26660256 were 

suggested to have a better inhibition efficiency than telaprevir (but not boceprevir or 

B1201335), whereas the remaining five compounds were predicted to be broadly the 

same as telaprevir. Therefore, these nine top-hit ligands may serve as potential 

NS3/4A protease inhibitors or be further used as templates for lead optimization. In 

addition to the predicted binding affinities, derived from the theoretically obtained 

Fmax values, the vdW interaction was found to have a higher contribution towards 

stabilizing the ligand NS3/4A interaction than electrostatic interactions. 
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4.1 INTRODUCTION 

Since the number of infected people by hepatitis C virus (HCV) in worldwide 

has been increased about 3-4 millions every year [5, 6], HCV becomes one of global 

public health problems. It causes of liver inflammation, cirrhosis and hepatocellular 

carcinoma etc. Currently, Food and Drug Administration (FDA) approved four anti-HCV 

drugs; ribavirin, peg-interferon (PEG-IFN), boceprevir (BOC) and telaprevir (TVR), 

however some side effects have been found such as flu-like symptoms, anemia, 

hemolysis and neutropenia after the treatment [54, 55].  Approximately a half of 

patients infected with HCV genotype 1 has non-responded to the treatment with the 

combination of ribavirin and PEG-IFN [1, 4]. In order to design and develop the novel 

anti-HCV drugs, understanding of the function of NS3/4A protease with how the 

current drugs inhibit is very important. Note that NS3/4A serine protease is one of the 

highly attractive drug targets of HCV because it is responsible for cleavage the scissile 

peptide bond in an encoded polyprotein during the viral replication. In the present 

work, the inhibition mechanism of boceprevir and telaprevir against NS3/4A were 

investigated based on the combined self-consistent charge density functional tight-

binding and molecular mechanics molecular dynamics (SCC-DFTB/MM MD) 

simulation. 

HCV is a single-stranded RNA (ssRNA) virus in the Hepacivirus genus of 

Flaviviridae family containing approximately 3000 amino acids of encoded protein. 

After a gene encoding, the polyprotein precursor is subsequently processed to 

generate four structural proteins (C, E1, E2 and p7), while six non-structural proteins 

(NS2, NS3, NS4A, NS4B, NS5A and NS5B) produced by host and viral proteases [154]. 

The 631 residues of NS3 protein are consisted of serine protease (N-terminal) and 
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helicase (C-terminal) domains. The 180 amino acids of NS3 protease are the minimal 

residues required to enzyme of cleavage the peptide bond between the four 

junctions of the non-structural proteins; NS3/NS4A, NS4A/NS4B, NS4B/NS5A and 

NS5A/NS5B [8]. To activate the NS3 protease, a non-covalent heterodimer, NS4A 

cofactor could be in complex with NS3 protease. Deletion of the NS4A cofactor leads 

to the decreased proteolytic activity of NS3 protease owing to the H57 and D81 

conformations are unaligned, and thus H57 is unable to abstract a proton from S139 

side chain [9, 10]. In addition, a zinc (Zn2+) ion tatrahedrally coordinated with three 

deprotonated cysteine residues (C97, C99 and C145) and H149 through a water 

molecule locating ~20 Å away from the binding pocket. From the previous work 

[155], a Zn2+ cation was proposed to play a role only in structural stabilization.  

 

Figure 4.1 The catalytic mechanism of the peptide cleavage reaction by the HCV 
NS3/4A protease 

 

From the previous QM/MM study [154], the mechanistic reaction in NS3/4A 

protease was likely to be similar to other serine proteases  as depicted in Fig. 4.1. 

Firstly, the peptide substrate binds to the NS3/4A pocket forming a Michaelis 
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complex. The imidazole nitrogen of H57 subsequently abstracts the proton from the 

S139 hydroxyl group gaining a negatively charged hydroxyl group on Ser139, and this 

group then acts as a nucleophile to attack the carbonyl carbon of the peptide bond 

between the P1-P1’ residues of the substrate (so-called the first step of the acylation 

process). This leads to a tetrahedral intermediate formation in which the negatively 

charged carbonyl oxygen is stabilized by the oxyanion hole formed by residues 135-

139. Consequently, the previously relocated electrons on the carbonyl oxygen move 

back to release the N-terminal of the substrate that accepts the proton from the 

protonated H57. Afterwards, this residue activates the hydrolysis reaction by 

accepting the proton from the water molecule that concomitantly attacks the 

reacting carbonyl carbon to form the second tetrahedral intermediate. Finally, the 

covalent bond between the carbonyl carbon and hydroxyl oxygen of S139 is broken 

to gain the final hexapeptide product and the proton is transferred back to S139 [64, 

110, 156]. 

 Recently, several theoretical studies on the reaction mechanism of serine 

proteases with their native substrates including the NS3/4A protease have already 

been reported [156-159]. However, the reaction mechanism of NS3/4A with the 

covalent inhibitors has not been yet theoretically studied in the molecular level. 

Thus, the reaction mechanism (acylation and proton transfer) of NS3/4A with BOC 

and TVR has been focused in this study. Since the most protease inhibitors have 

been designed and developed in according to the substrate, intermediate or 

transition state mimics, we supposed that the reaction mechanism of NS3/4A with its 

inhibitors is likely similar to its natural substrates. We hope that understanding this 
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inhibitory mechanism might lead to development of the higher potent NS3/4A 

inhibitors. 

4.2 MATERIALS AND METHODS 

The initial structures of NS3/4A with boceprevir and telaprevir bound were 

obtained from the X-ray structures with 2.66 and 1.40 Å of resolution (Protein Data 

Bank (PDB) entry codes 2OC8 [67] and 3SV6 [70]). Note that in the crystal structures, 

the ligands covalently formed with the S139, hence the mechanistic studies were 

started with a backward reaction from acyl enzyme (product) to reactant. The 

cationic dummy atom model [160] was used for Zn2+ parameter. The AMBER ff12SB 

force fields were applied for the protein [161]. All system preparations and QM/MM 

molecular dynamics (MD) simulations were performed with the AMBER12 package 

program [162]. The PROPKA 3.1 [73] and the surrounding environment were used to 

consider the protonation state of the ionizable amino acids. Importantly, the two 

catalytic residues, H57 and D81, have been ionized as the neutral histidine with a 

hydrogen atom at delta position (-NH) and a negatively charged aspartate for both 

NS3/4A-beceprevir and telaprevir complexes. The missing hydrogen atoms were 

added and the system was consequently solvated in TIP3P [77] water box with a 

radius of 10 Å from protein surface by the LeaP module. In addition, chloride 

counterions were also added in order to neutralize the protein-ligand complexes. 
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Figure 4.2 Fragments of the NS3 catalytic residues and telaprevir (left) and 
boceprevir (right) included in the QM region, where the QM and MM 
parts are partitioned by the red line 

 

The combined QM/MM MD approach has been widely used to investigate the 

reaction mechanism such as bond making and breaking such as a proton transfer in 

the enzymatic systems [53, 163-165]. In this work, the studied complex has been 

divided into two subsystems; QM and MM. The QM region contains the side chains of 

the catalytic residues (H57, D81 and S139) and the fragment of ligand as depicted in 

Fig. 4.2.  Totally, there were 72 and 75 atoms, respectively with -1e- in the QM region 

for both systems. The QM atoms were treated with self-consistent charge density 

functional tight-binding (SCC-DFTB) [166], semi-empirical method based on density 

functional theory approach, whilst the rest of system was treated by molecular 

mechanics (ff12SB). To consider the boundary region between the QM and MM 

regions, the link-atom approach [167] was employed. The five hydrogen link atoms 

were used for separating the QM and MM regions. Afterwards, the QM/MM energy 

minimization was carried out with 100 steps of steepest descents (SD) and followed 
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by 1900 steps of conjugate gradient (CG) algorithms. Then the entire system was 

heated up from 50 to 300 K in 50 ps and then equilibrated by means of the QM/MM 

MD under periodic boundary condition in two steps; (i) the 20 kcal/mol·Å of force 

constant was applied to restrain the distance between H57 and D81 for 30 ps and (ii) 

the system was continuously simulated till 300 ps without any restraint. The QM/MM 

MD snapshots were collected every 1 ps. The non-bonded cut-off of 10 Å and the 

simulation time step of 1 fs were used, while the Particle Mesh Ewald (PME) [167] 

approach was applied to calculate the long-range QM-QM and QM-MM electrostatic 

interactions. The SHAKE [78] algorithm was used to constrain all covalent bonds in 

the MM region involving with hydrogen atoms.  

 

Figure 4.3 Proposed reaction mechanism of NS3/4A protease with the keto-
amide inhibitor 

 

To investigate the free energy profile (FEP) of the mechanistic reaction of 

NS3/4A protease with boceprevir and telaprevir, the SCC-DFTB/MM MD coupled with 

the umbrella sampling implemented in AMBER program and weighted histogram 

analysis method (WHAM) [168, 169] were employed. In addition, three snapshots of 

each complex obtained from the equilibration phase at 200, 250 and 300 ps were 

chosen as the starting configuration for the calculations. From the product or acyl-
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enzyme structure, the three reaction coordinates (RCs) were considered to study the 

two steps of reaction; (i) the proton transfer between the carbonyl oxygen of ligand 

and NE of H57 relating to the difference between O1-HG and HG-NE distances, RC1 = 

R1-R2 and (ii) the nucleophilic attack of S139 on the carbonyl carbon, C1 of ligand 

(OG-C1 distance) and the proton transfer between H57 and S139 (difference of NE-HG 

and HG-OG distances), RC2 = R6 and RC3 = R7-R8 as shown in Fig. 4.3. The latter step 

generates the tetrahedral intermediate (TI). Note that one- and two-dimensional 

umbrella sampling calculations have been applied to the first and second steps, 

respectively. For each window of the reaction coordinate, the 2 ps equilibration and 

5 ps production runs were carried out. The reaction coordinate was increased by 0.1 

Å for each step of sampling, whilst the harmonic restrained potential was applied 

with 200 kcal/mol·Å of force constant. Finally, the production run of every window in 

the reaction coordinate was taken and consequently calculated the relative free 

energy of all simulations by the WHAM in order to outline the FEP. 

4.3 RESULTS AND DISCUSSION 

To determine the stability of the NS3/4A-BOC and –TVR complexes during the 

QM/MM MD, the RMSD has been plotted as depicted in Fig. 4.4. The result shows 

that since 100 ps the RMSD values of both complexes are fluctuated in the range of 

1.5 Å suggesting the systems have reached an equilibrium. Therefore the structures at 

200, 250 and 300 ps were used as the initial structures for the SCC-DFTB/MM MD with 

the umbrella sampling to explore the free energy profile and characterize the 

reaction mechanism of NS3/4A protease.  
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Figure 4.4 The root mean-square displacements (RMSDs) relative to the initial 
structures of NS3/4A protease with boceprevir (BOC) and telaprevir 
(TVR) bound as shown in the red and black lines, respectively. 

 

For the first step of the backward reaction, the proton was transferred from the keto-
amide hydroxyl group of the ligands to ε N or named as NE of catalytic H57, where 
their FEPs obtained from WHAM analysis were shown in Fig. 4.4. According to the 
energy barriers of the 2 drugs, it seems that the free energy monotonically increased 
along the reaction coordinate of the proton transfer reaction. However, the shallow 
minimum was observed from the FEPs at the SCC-DFTB/MM level of theory where 
the curvatures were changed nearly RC1≈0.5 Å (Fig. 4.4). This is therefore the TI 
structures taken from this path are rather similar to the transition state (TS) 
structures. Note that the free energies at the RC1≈0.5 Å are ~14.3±0.3 and ~14.3±0.8 
kcal/mol relative to the acyl enzyme or the product state (at RC1≈-1.0 Å) for BOC 
and TVR, respectively. After the minimal free energy of TI, the free energy still 
increased continuously because the proton was moved too more close to the ε N of 
H57. Subsequently, the TI complex was used as the initial structure for the 2D-
umbrella sampling calculation of the proton transfer from H57 to S139 and the 
nucleophilic attack of S139 to the carbonyl carbon of keto-amide group. The 2D-FES 
result was shown in Fig. 4.5. It showed that the acylation step of both systems 
occurred in a concerted reaction which also supposed to be the rate limiting step as 
the native substrates according to their had the higher free energy barriers compared 
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with the proton transfer step (between keto-amide group of inhibitor and histidine). 
The free energies of the backward reaction relative to the tetrahedral intermediate 
for generating Michaelis complexes (reactant, R) are ~22.2 and ~20.1 kcal/mol for 
boceprevir and telaprevir systems, respectively. These free energy values are 
moderately similar to the experimental activation free energies (~23.2 and ~23.4 
kcal/mol for boceprevir and telaprevir) [170]. Note that these values were converted 
from the rate constant of the backward reaction at temperature 298 K.  

 

Figure 4.5 Free energy profile (FEP) obtained from WHAM of 3 umbrella 
sampling calculations for the proton transfer between H57 and the 
hemiketal oxygen of (A) BOC-NS3/4A and (B) TVR-NS3/4A 

 



 82 

 

Figure 4.6 The three individual SCC-DFTB/MM free energy surfaces (FESs) for the 
acylation mechanism of NS3/4A protease binding to (A-C) boceprevir 
and (D-E) telaprevir with different initial structures 
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Figure 4.7 Structures and distances of the tetrahedral intermediate, transition 

state and reactant of NS3/4A-boceprevir complex in the acylation 
reaction 
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Figure 4.8 Structures and distances of the tetrahedral intermediate, transition 
state and reactant of NS3/4A-telaprevir complex in the acylation 
reaction 
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4.4 CONCLUSIONS 

The inhibition mechanism of boceprevir and telaprevir towards NS3/4A protease 

has been examined using the semi-empirical SCC-DFTB/MM MD technique in couple 

with umbrella sampling, and subsequently their free energy profiles have been 

calculated by means of WHAM. Since these two drugs were developed based on the 

natural substrates of HCV NS3/4A protease, we presumed that their mechanism for 

producing an acyl enzyme could be similar to that of natural substrates. The SCC-

DFTB/MM MD calculations predicted that the acylation mechanisms with a formation 

of tetrahedral intermediate for these drugs were occurred in concerted reaction. In 

addition, the acyl enzymes were much more stable than the tetrahedral 

intermediate and Michaelis complex. In the next step, the structural properties and 

the contribution of the binding site residues that stabilized the ligands will be 

intensively investigated, and the higher level of theory such as DFT or ab initio 

QM/MM calculations should be carried out. 
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5.1 ABSTRACT 

Influenza A H5N1 and pH1N1 viruses have broadly emerged and become 

widespread in various countries around the world. Oseltamivir, the most commonly 

used antiviral drug against the seasonal and pandemic influenza viruses, is targeted at 

the viral neuraminidase (NA), but some isolates of this virus have become highly 

resistant to this drug. The novel long-acting drug, laninamivir, was recently developed 

to inhibit influenza A and B viruses of either the wild-type (WT) or the oseltamivir 

resistant mutant of NA. To understand the high efficiency of laninamivir, all-atom 

molecular dynamics simulations were performed on the WT and H274Y mutant of 

H5N1 and pH1N1 NAs with laninamivir bound. As a result, the novel drug was found 

to directly interact with 11 binding residues mainly through salt bridge and hydrogen 

bond formation (as also seen by electrostatic contribution). These are comprised of 7 

of the catalytic residues (R118, D151, R152, R224, E276, R292 and R371), and 4 of the 

framework residues (E119, W178, E227 and E277). Laninamivir showed a similar 

binding pattern to all four NAs, but strong hydrogen bonding interactions were only 

found in the WT strain, with a slightly lowered contribution at some drug contact 

residues being observed in the H274Y mutation. This is in good agreement with the 

experimental data that the H274Y mutant has a small increase (1.3- to 7.5-fold, 

which was not statistically significant) in the IC50 value of laninamivir.  

5.2 INTRODUCTION 

The avian flu (H5N1) and 2009 pandemic H1N1 (pH1N1) viruses are wide 

spread throughout the world and some isolates have become resistant to 

oseltamivir, the most common and (formerly) effective anti-influenza drug [31, 171] 

(Fig. 5.1), leading to a potentially global public health problem. A new drug, 
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laninamivir (R-125498), was approved and marketed in Japan in September, 2010 

[40]. With a long term inhibitory efficiency against the neuraminidase (NA) enzyme of 

influenza A and B viruses as well as their current oseltamivir resistant mutations [39, 

40, 172], laninamivir is thus a very interesting drug not only for good efficacy but also 

in terms of a stockpile for future pandemic influenza. Although, the three 

dimensional structures of laninamivir binding to the wild-type (WT) NA subtypes N1 

(from pH1N1, Fig. 5.2) N2 and N5 have recently been crystalized [173], the drug 

orientation and binding patterns towards the H5N1 virus and the H274Y (N2 

numbering) mutant of both the pH1N1 and H5N1 viruses are not yet revealed. 

Therefore, the main goal of this present study was to provide a detailed comparative 

understanding of the drug-target interactions of laninamivir binding to the NA of both 

the WT and the H274Y mutant of these two N1 virus strains.    

 

Figure 5.1 The chemical structures of four NA inhibitors (NAIs) in the active 
metabolite form: oseltamivir, zanamivir, peramivir and laninamivir 

 

NA is a glycoside hydrolase enzyme (EC 3.2.1.18) that is found on the surface 

of the influenza virus and plays a pivotal role in the viral life cycle [174]. As such, NA 

cleaves the glycosidic bond of the terminal sialic acid from the host cell receptor 

with a new viral progeny release to infect other cells. Up to date, oseltamivir 
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(Tamiflu®) and zanamivir (Relenza®), shown in Fig. 5.1, are the two common anti-

influenza drugs targeted against, and operating as inhibitors of NA (NAIs). While 

oseltamivir is medicated as a tablet, zanamivir is administered by oral inhalation. 

Therefore, the oseltamivir is more commonly used to treat influenza patients. 

Another NAI drug, peramivir, was made available during the outbreak of the 2009 

pandemic H1N1 virus until June, 2010 under the Emergency Use Authorization (EUA) 

by the Food and Drug Administration (FDA) [175]. Recently, the second generation flu 

NAI drug, laninamivir, was discovered by Yamashita et al. [49] and manufactured by 

Daiichi Sankyo Co. Ltd. in Japan and Biota. It is an active metabolite converted in 

lung from the CS-8959 (laninamivir octanoate) prodrug [38, 172, 176]. Besides the 

long term efficient activity, with a single inhaled dose being comparable to that from 

taking oseltamivir twice daily for 5 days, laninamivir is effective against the wild-type 

strain of both influenza A (seasonal H1N1, pH1N1, H5N1 and H3N2) and B viruses as 

well as the oseltamivir-resistant H274Y mutations of H5N1, pH1N1 and seasonal H1N1 

viruses, [177, 178] as summarized in Table 5.1. It is worth noting that the virus strain 

order, in terms of the fold increase in resistance to laninamivir, relative to wild type 

is pH1N1 (1.36) < seasonal H1N1 (1.85) < H5N1 (3.44 or 7.50). In agreement with the 

experimental data, laninamivir and its prodrug were theoretically predicted to have 

high binding affinities with A/H5N1 complexes through the rupture forces and so that 

laninamivir could be used to inhibit both the WT and the oseltamivir-resistance 

providing N294S and H274Y mutations [179].  
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Figure 5.2 (Left) Close up of laninamivir binding to the catalytic pocket of the 
pH1N1 NA (cyan) obtained from the 3TI3 crystal structure[170] with a 
superimposition of the H5N1 NA (2HU4 [42], green). (Right) From the 
X-ray structure of the laninamivir-NA complex, the hydrogen bond 
formations through the backbone and side chain of the surrounding 
residues are represented by blue and green arrows, respectively. 

 

In order to understand the high susceptibility of NA from both the WT and 
H274Y mutant isolates of the influenza viruses towards the NAI laninamivir, 
molecular dynamics (MD) simulations were performed on the two influenza 
subtypes, H5N1 and pH1N1. The drug-target interactions, in terms of the hydrogen 
bonds, electrostatic and vdW forces, with the surrounding residues at the catalytic 
site of NA were intensively analyzed, discussed and compared with the co-crystal 
structure of pH1N1 NA with laninamivir bound, as well as with previous theoretical 
studies on the other anti-influenza NAI drugs.  
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Table 5.1 The 50% inhibitory concentration (IC50) values of laninamivir 
for neuraminidase (NA) from various influenza strains. 

Virus strain NA change IC50 (nM) Resistance fold 
A/H1N1 (seasonal flu) [172] WT 1.79  
pH1N1 [172] WT 1.83  
A/H3N2 [172] WT 2.13  
Influenza B [172] WT 11-26  
A/Yogohama/67/2006 (seasonal H1N1) 
[178] 

WT 3.03  

A/Yogohama/67/2006 (seasonal H1N1) 
[178] 

H274Y 5.62 1.85 

A/Washington/29/2009 (pH1N1) [177] WT 1.57a  
A/Washington/29/2009 (pH1N1) [177] H274Y 2.14a 1.36 
A/Hanoi/30408/05 (HPAI H5N1) [178] WT 0.32  
A/Hanoi/30408/05 (HPAI H5N1) [178] H274Y 1.10 3.44 
A/Vietnam/1203/04 (H5N1) [178] WT 0.28  
A/Vietnam/1203/04 (H5N1) [178] H274Y 2.10 7.50 
a Flurescein leakage (MUNANA) assay  

5.3 METHODOLOGY 

5.3.1 System preparation 

All system preparations and MD simulations were performed using the 

AMBER10 software16. The four simulated systems of the WT and H274Y mutant of the 

NA from both the pH1N1 and H5N1 virus strains were prepared as follows. The 

starting structure of WT pH1N1 NA-inhibitor complex was taken from the recently 

determined co-crystal structure of the WT NA of pH1N1 virus with laninamivir bound 

(PDB entry code: 3TI3 [173]). To build the H274Y mutant system, the histidine at 

residue number 274 was changed to tyrosine from the refined crystal structure of 

apo pH1N1 NA (PDB code: 3NSS17). This procedure was done using the LEaP module 

implemented in AMBER10. The laninamivir was later added into the active site of the 
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mutated H274Y pH1N1 NA. For the two laninamivir-H5N1 systems, the X-ray 

structures of the WT and H274Y forms of NA from H5N1 strains complexed with 

oseltamivir (PDB codes 2HU4 [42] and 3CL0 [171], respectively) were used where the 

atomic coordinates of oseltamivir were replaced by laninamivir. The Ca2+ and water 

molecules from the crystal structure were retained in the system. The ionizable 

amino acids, including K, R, D and E, were categorized at pH 7.0. The protonation 

state of histidine was assigned according to the identified hydrogen bond with the 

interacting partner. A possible disulfide bridge between two cysteines was assigned to 

maintain the protein stability. The missing hydrogen atoms of the NA protein and the 

laninamivir NAI in each system were added by the LEaP module.  

The energy minimization with 2000 steps of steepest descent (SD) and 

continued by 1000 steps of conjugated gradient (CG) were initially performed on the 

hydrogen atoms to reduce bad steric contacts. Subsequently, each system was 

solvated by TIP3P waters [77], with a minimum distance of 12 Å from the protein 

surface. The water box size was 98×98×98 Å and 89×87×95 Å for the pH1N1 wide 

type and H274Y, respectively, while those of H5N1 systems was 84×85×88 Å. The 

total negative charges were neutralized by adding Na+ counterions. Afterwards, the 

crystal and modeled waters were minimized by 2000 steps of SD and 1000 steps of 

CG, and finally the whole system was optimized using the same procedure. 

5.3.2 Partial Charge and Force Field Development for laninamivir 

The partial atomic charges and empirical force field parameters of laninamivir 

were developed according to the standard scheme as in previous studies [135, 180, 

181]. By considering the hybridization of the covalent bonds, the coordinates of the 
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22 missing hydrogen atoms were added to laninamivir structure. The ligand structure 

was optimized with the HF/6-31* basis set to adjust the bond lengths and bond 

angles using Gaussian 03 program [75]. To obtain electrostatic potential (ESP) 

surrounding ligand molecule, the single point calculation was performed at the same 

method and level of theory on the optimized geometry. Consequently, the 

restrained electrostatic potential (RESP) charges were evaluated with the charge-

fitting procedure using the RESP module of AMBER program. The laninamivir 

parameters were derived from the generalized amber force field (GAFF) [76], while 

the standard van der Waals (vdW) parameters were utilized to adequate 

transferability of intermolecular interaction. 

5.3.3 Molecular Dynamics (MD) simulations 

A single continuous MD simulation was applied on each of the four NA-

laninamivir simulated complexes, being NA from the WT and H274Y mutation of both 

H5N1 and pH1N1 viral strains, where the periodic boundary with the NPT ensemble 

at 1 atm and a time step of 2 fs were employed. The whole system was heated up 

to 300 K for 50 ps and subsequently simulated at this temperature for 20 ns using 

the SANDER module in AMBER. The SHAKE algorithm was used to constrain all bonds 

involving hydrogen atoms [78]. The cutoff distance for non-bonded interactions was 

set at 12 Å and the particle mesh Ewald method [79] was applied to account for 

long-range electrostatic interactions. After the simulations were found to reach 

equilibrium, the MD trajectories were extracted from the production phase for 

analysis. The ptraj and MM-GBSA modules, as implemented in the AMBER software, 

were used to analyze the global root mean-square displacement (RMSD), hydrogen 
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bond occupancy, decomposition of free energies per residue and their energy 

components, between laninamivir and each of the four targeted NA isoforms. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Stability of the global structure 

 

Figure 5.3 Root mean-square displacements (RMSDs) relative to the starting 
structure for all atoms of the laninamivir binding to the WT and 
H274Y NAs of the influenza H5N1 and pH1N1 viruses 

 

To monitor the stability of the four studied systems, the RMSD values of the 

all atoms of the laninamivir NAI complexed to each of the four NAs (WT and H274Y 

NAs of the H5N1 and pH1N1 viruses) relative to the starting structure versus 

simulation time were measured and are shown in Fig. 5.3. As can be seen from the 

plot, the RMSD fluctuations are similar in three systems around 2.2 Å, excluding the 

pH1N1 WT shows lower fluctuation around 1.8 Å (after 3 ns). All complexes were 

likely to reach equilibrium at 5 ns. Therefore, the MD trajectories from the last 15 ns 

were extracted for all further analysis. 
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5.4.2 Laninamivir binding patterns  

To understand the mechanism of action and drug-target interactions of the 

laninamivir binding to both the WT and H274Y mutation of both the H5N1 and 

pH1N1 NAs, hydrogen bonding interaction and the role of key acting residues on the 

basis of decomposition of binding free energy were investigated as follows.    

5.4.3 Hydrogen bonding interactions  

Since the active metabolite of laninamivir is a zwitterion with the –COO- and 

–NHC(NH2)2
+ groups, hydrogen bonding and salt bridge interactions play a critical role 

in stabilizing the protein-ligand complex. To gain further insight into the efficiency of 

the laninamivir binding to the NAs from the WT and H274Y mutation of the H5N1 and 

pH1N1 viruses, the percentage occupancy and the number of hydrogen bonds 

between this NAI and the surrounding NA residues were investigated according to the 

subsequent criteria: (i) the distance between proton donor (D) and acceptor (A) 

atoms was ≤ 3.5 Å; and (ii) the D-H…A angle was ≥ 120. The hydrogen bond results 

and representative MD snapshots for the four complexes are depicted and compared 

in Fig. 5.4. Strong and moderate hydrogen bonding interactions are defined as having 

hydrogen bond occupations of > 75% and 50 - 75%, respectively.  

As can be seen in Fig. 5.4, the major hydrogen bonding interactions between 

the laninamivir and the NA binding residues are almost similar among all four NA-

laninamivir complexes, although they are slightly different at some amino acids. Even 

though the Y347 of H5N1 is replaced by N347 in pH1N1, the NA-laninamivir 

interaction still slightly changes. Differentially, the interaction between pH1N1 NA and 

oseltamivir was weakened due to the outwardly oriented N347 from the binding site 
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which decreased the average number of hydrogen bonds over simulation time with a 

presence of the wider pocket as noticed in the previous theoretical study [136]. The 

ether oxygen of the dihydropyran ring and the carbonyl oxygen of the –NHAc moiety 

established moderate and strong hydrogen bonding interactions with the nitrogen 

atoms of the guanidinium of NA residues R292 and R152, respectively. Interestingly, 

the former hydrogen bond with R292 was only observed in the laninamivir 

complexes of both strains. This phenomenon is not always found in zanamivir 

complexes, where the moderate hydrogen bond formation with dihydropyran 

scaffold was detected in pH1N1 NA, but not in H5N1 NA [136]. Meanwhile the latter 

one with R152 is typically detected in the other anti-influenza NA drugs and potent 

compounds [180-186]. In contrast to that for laninamivir-NA seen here, the H274Y 

mutation of NA was observed to disrupt the hydrogen bond of oseltamivir with the 

NA R152 residue [185, 187, 188], thereby probably resulting in the low drug inhibitory 

potency of oseltamivir. In contrast, this strong interaction with R152 and laninamivir 

could possibly account for the high NAI activity of laninamivir against the oseltamivir-

resistant H274Y mutation. From the electrostatic surface study of oseltamivir binding 

pathway [187], the mutated residue 274 positioned directly onto the negatively 

charged funnel at the mouth of the binding pocket has perhaps caused a different 

electrostatic drug-target interaction. Moreover, the Y274 replacement significantly 

reduced the hydrophobic pocket size for the oseltamivir’s bulky group as seen by an 

increase of solvent accessible surface area (SASA), instead of disrupting E276-R224 

salt bridge [31, 188].   
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Figure 5.4 Percent occupation pattern of hydrogen bonds formed from the 
dihydropyran ring and the four side chains of laninamivir to the 
binding residues (label given along y-axis) in the active site of the 
four NAs: (a) H5N1 WT, (b) H5N1 H274Y, (c) pH1N1 WT and (d) 
pH1N1 H274Y. 

 

However, some noticeable differences between the four H-bond patterns 

were detected at the 2,3-dihydroxy-1-methoxypropyl (hydrophilic bulky), –NHC(NH2)2
+ 

and –COO- moieties of the laninamivir ligand. The strong interaction strength 

between the hydrophilic bulky group of laninamivir and the E276 residue of NA was 

likely maintained in all complexes, although the percentage and number of 

hydrogen bonds were different. Stronger and larger numbers of hydrogen bond 

formations were observed in the case of the WT NA of both viruses and for the H5N1 

H274Y mutant, while only one strong interaction was observed in the case of the 

H274Y NA from pH1N1. Conversely, the replacement of the hydrophilic group by 
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hydrophobic side chain such as in oseltamivir or peramivir usually brings a loss of 

hydrogen bond formation with NA [42, 172, 189, 190]. The change to a methoxy 

group at this hydrophilic side chain, instead of all three hydroxyl groups in zanamivir, 

led to no interaction with NA residue R224 in the H5N1 WT [180] and N294 (N2 

numbering) in the pH1N1 WT [182].    

At the –NHC(NH2)2
+ group, the positively charged side chain was well 

stabilized by the three negatively charged residues, E119, D151 and E227, as well as 

the W178 backbone (Fig.5.4, and discussed below), similar to that which was 

observed in the previous studies on the zanamivir- and peramivir-NA systems [180, 

182, 185]. This part of the laninamivir formed a rather strong salt bridge interaction 

with NA residue E119 in the case of WT strains for H274Y mutant. A strong interaction 

with NA residue D151 was conserved in all four complexes although that with the 

H5N1 H274Y form of NA provided a larger number of weak and moderate salt bridge 

interactions than the other three NA-laninamivir systems. With almost 100% 

occupation of this laninamivir-NA interaction in the H5N1 WT and the two pH1N1 

strains, one can imply that in complex with laninamivir the 150-loop of NA 

eventually and tightly moved to lock the inhibitor. Again, the guanidinium nitrogen of 

laninamivir created a strong hydrogen bond with the backbone carbonyl oxygen of 

NA residue W178 in all strains except the H274Y mutant of H5N1 complex which 

showed weaken interaction. This observation is different from those of oseltamivir 

binding to the WT and H274Y NA mutant of both H5N1 and pH1N1, where the 

hydrogen bond to W178 was completely lost [185, 188, 191], with a consequence of 

an increased resistance to this NAI in comparison to that for laninamivir. In addition, 

moderate hydrogen bonding between laninamivir and NA residue E227 was detected 
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in H5N1 WT and two of pH1N1, but this was totally lost in the case of H5N1 H274Y. It 

should be mentioned that the replacement of –(NH3)
+ in oseltamivir by the longer –

NHC(NH2)2
+ group in laninamivir (also in zanamivir) introduced the interaction with the 

NA residue E227.     

As expected, the three conserved arginines of NA, R118, R292 and R371, were 

found to contribute extensively through salt bridge interactions to stabilize the –

COO- moiety of laninamivir in the two WT NA strains. These important drug-target 

interactions are commonly detected in all NAIs and drug candidates containing a 

negatively charged group[115, 116, 181, 184, 192]. Interestingly, the H274Y mutation 

has been found to interrupt the drug-target interactions with R118 (to 34% 

occupation) in H5N1 NA and partially disturb the arginine triad (to ~70%) in pH1N1 

NA. The interaction with R118 was dramatically reduced from ~90% in the 

oseltamivir-NA (WT) complex of the pH1N1 to ~5% in the oseltamivir-NA (H274Y) 

complex [191]. 

5.4.4 Key residues for drug binding  

To pinpoint the important residues for the binding of laninamivir in the NA 

active site of influenza H5N1 and H1N1 viruses, the interaction energy from the 

individual residues of NA that contributed to laninamivir binding were evaluated 

according to the MM-GBSA method [85, 193, 194] using the decomposition energy 

module of AMBER. Note that the measured residues are comprised of the eight 

catalytic residues (R118, D151, R152, R224, E276, R292, R371 and Y406) and the 11 

framework residues (E119, R156, W178, S179, D198, I222, E227, H274, E277, N294, and 

E425). The binding free energy decomposition as a pairwise per-residue basis (
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residue

bindG ), and the contribution separated into the residue backbone ( backbone

bindG ) and 

the side chain ( sidechain

bindG ), are plotted in Fig. 5.5 (left), whereas the corresponding 

electrostatic (Eele+Gpolar) and vdW (EvdW+Gnonpolar) energy terms are shown in Fig. 5.5 

(right).  

Almost all the NA residues (except for D151 and W178) provided some energy 

stabilizations towards laninamivir through their side chains, in correspondence with 

the observed presence of drug-target hydrogen bonds. Among the NA residues in the 

WT strain of the two viruses (Fig. 5.5a and 5.5c, left), the highest contribution was 

likely gained from the laninamivir contacting NA residues through a strong salt-bridge 

(in terms of electrostatic energy in Fig. 5.5, right) and hydrogen bond interactions with 

the charged groups of laninamivir (mentioned above). These are the R292 and R371 

residues in the catalytic site and the E119 (pH1N1) residue in the framework site with 

residue

bindG of less than -6 kcal/mol. Additionally, the residues R118, E119 (H5N1), D151, 

R152, W178, E227 and E276 gave an energy contribution in the range of -2 ≤ residue

bindG

≤ -6 kcal/mol. Although most NA residues preferentially stabilized the laninamivir 

binding to NA, destabilization can be found at the framework residues R156  and 

E277. Contrary to the oseltamivir complex, the R118 residue plays the role to disrupt 

the binding stability between oseltamivir and receptor by ~2 kcal/mol of energy 

contribution as reported in the previous work [195]. 
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Figure 5.5 The (Left) decomposition of the binding free energy in pairwise per-
residue basis, and its energy contributions from the backbone and 
side chain atoms, and (Right) the electrostatic and vdW energy 

 

In the H274Y NA mutation, the laninamivir-NA interactions were apparently 

reduced to at least half-strength for H5N1 at the catalytic residue R118 and at the 

framework residues E119 and E227 (Fig. 5.5b, left), in accord with the observed 

decrease in the number and/or occupation of predicted hydrogen bonds (Fig. 5.5b). 

In some similar features, the situation is different for the pH1N1 H274Y NA mutant, in 

which the energy reduction was primarily found at the catalytic residue E276 (by ~ -2 

kcal/mol) and a lowered interaction at the two conserved arginines R292 and R371 

(energy increased to ~ -4 kcal/mol).   
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Taking into account the hydrogen bonding and per-residue binding free 

energy decomposition, the laninamivir-NA interactions were somewhat lowered in 

the H274Y NA isoform relative to that of the WT form both the H5N1 and pH1N1 

viruses. This is in good agreement with the experimental evidence that shows slightly 

increased IC50 values, i.e., 1.36-fold resistance for pH1N1 [177], and 3.4- and 7.5- fold 

resistance for H5N1 [178] compared to the WT (Table 5.1). However, most 

contributions to the laninamivir-NA were largely conserved. This information could 

support the high inhibitory potency of laninamivir against not only the wild type NA 

strain but also the H274Y mutant of the viral influenza subtypes H5N1 and H1N1.  

5.5 CONCLUSIONS  

MD simulations were applied to investigate the susceptibility of the WT and 

H274Y mutant isoforms of NA from the influenza A virus subtypes H5N1 and pH1N1 

towards the NAI laninamivir, in terms of the structure and dynamic properties, drug-

target interactions and binding pattern. The results show all the important 

interactions of laninamivir with NA are conserved. Indeed, even when histidine at the 

274 position was transformed to tyrosine only slightly decreased interaction strength 

at some residues was observed (R118, W178 and R152). In comparison to oseltamivir, 

the laninamivir guanidinium and hydrophilic side chains are indispensable to lock the 

two framework residues (W178 and E227) and a catalytic residue (E276), respectively, 

better than those groups of osetamivir at the relative positions. Most positive 

contributions to the interaction were found from the side chains of 7 of the catalytic 

NA residues (R118, D151, R152, R224, E276, R292 and R371), and 4 of the framework 

residues (E119, W178, E227 and E277), through electrostatic interactions and in 

particular salt bridge interactions and hydrogen bond formation. In contrast, in the 
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case of oseltamivir (the most widely used NAI anti-influenza drug), the important 

drug-target interactions were dramatically reduced and totally lost in the H274Y NA 

isoforms from the H5N1 and pH1N1 viral strains with a result of a high-level of 

resistance to oseltamivir. For the example, the oseltamivir interaction with W178 and 

R152 was significantly dwindled. This is, therefore, the likely explanation for the high 

susceptibility of both the WT and H274Y strains of H5N1 and pH1N1 viruses to 

laninamivir, in contrast to oseltamivir. However, it must be noted that only a single 

simulation was performed for each system, so the stability and preponderance of the 

interactions were unable to extrapolate conclusively. Based on overall data gained 

from the present study, the simulated results suggested that the drug hydrophilic 

moieties, –COO- and –NHC(NH2)2
+, are necessary for strong hydrogen bonding 

formation with NA, therefore modification on these groups may bring to a more 

powerful anti-influenza drugs. The replacement of the –COO- group by more 

negatively charged group such as phosphate or sulfonate possibly leads to higher 

interact with the conserved arginine triad, while the positively charged group might 

be lengthened in order to increase in drug-target interaction for the open 150-loop 

conformation of NA. 
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CHAPTER 6 
CONCLUSIONS 

Conventional MD simulation was applied to the NS3/4A protease of HCV 

binding to its inhibitors (boceprevir, telaprevir, danoprevir and BI201335) and the WT 

and H274Y variant neuraminidase of influenza A/H5N1 and A/pH1N1 viruses in order 

to investigate the drug-target interactions, binding efficiency, structural and dynamical 

properties. In addition, the potent inhibitor against NS3/4A protease was searched by 

pulling the 40 ZINC compounds from the drug binding pocket using the SMD 

approach based on the hypothesis that the higher force is needed for the stronger 

ligand binding. Thus the ligand that had a higher rupture force than the current 

NS3/4A inhibitors may serve as anti-HCV drug or used as a template for a further drug 

development. The QM/MM MD simulation, using semi-empirical SCC-DFTB level for 

describing the QM region and ff12SB AMBER force field for MM region, has also been 

employed to characterize and explore the reaction pathway of NS3/4A binding to 

boceprevir and telaprevir for both acylation and proton transfer. 

For the MD calculation of the NS3/4A systems, all ligands were predominantly 

stabilized by the NS3 domain through van der Waals interactions suggested by the 

free energy contribution of individual residues, binding free energies from the 

MM/GBSA and MM/PBSA calculations. However, the hydrogen bonding interactions 

between ligand and surrounding residues are certainly important for the specificity in 

the ligand binding, especially for the hydrogen bond formation with A157 that has 

been conserved in all complexes. Altogether, the binding free energy calculation 

established the order of protease inhibitor susceptibilities is of danoprevir > BI201335 

> boceprevir > telaprevir, which moderately agreed with the biological activities. 
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There are 9 top-hit compounds (ZINC ID 59500093, 59784724 13527817, 26660256, 

29482733, 25977181, 28005928, 13527826 and 13471529) out of 40 compounds 

exhibiting resemble susceptibility or higher than that of the 4 studied ligands. 

Especially, the first 2 compounds were predicted to have higher potential than the 

approved drugs (boceprevir and telaprevir). It is anticipated that these compounds 

may be used as NS3/4A inhibitor or be further used for drug development. 

Additionally, these top 9 compounds were also mainly stabilized via van der Waals 

interaction as the existing inhibitors. For the reaction mechanism of NS3/4A binding 

to boceprevir and telaprevir, it was found that the acylation reaction which is 

supposed to be the rate limiting step as in natural NS3/4A substrates was predicted 

to be occurred with the concerted manner in order to produce the tetrahedral 

intermediate. This result was calculated based on the SCC-DFTB/MM MD calculations. 

Comparing with the free energy of an intermediate, the estimated free energies 

barrier of the acylation are ~22.2 and ~20.1 kcal/mol for boceprevir and telaprevir 

binding, respectively, which quite agree with the experiment. Moreover, the acyl 

enzymes of both systems were predicted to be very stable compared with 

tetrahedral intermediate and Michaelis complex. 

In the MD simulation of the 4 NA complexed with laninamivir, the results 

have shown that all essential interactions between NAs and laninamivir were mostly 

conserved, even H274 mutated to tyrosine showed only a slight decrease of 

interactions. On the contrary with NS3/4A, the ligand binding were largely contributed 

by electrostatic and salt-bridge interactions including hydrogen bond formation with 

the residues 118-119, 151-152, 178, 224, 227, 276, 292 and 371. Interestingly, several 

interactions were dramatically decreased in the H274Y mutant NA of H5N1 and 
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pH1N1 strains, therefore the highly efficient laninamivir can be served as anti-

influenza drug for both WT and oseltamivir-resistant of H5N1 and pH1N1. 
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Figure S1. The ten possible pathways with their average radius and depth 
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Figure S2. Time dependencies of the force along the SMD time 

 

Figure S3. Superimposition of the last snapshots of the NS3/4A complex bound with 

boceprevir, telaprevir, BI201335 and danoprevir. 
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Table S1. Rupture force obtained by AMBER ff03 force field for 44 ligands 

Rank ZINC ID 
Rupture force 

(pN) 
CHEMPLP Score 

Rank 
(docking) 

1 Danoprevir 1572.40 ± 46.89 -896.68 1 
2 59500093 1222.64 ± 107.88 -960.82 44 
3 59784724 1137.59 ± 117.11 -937.24 24 
4 Boceprevir 1058.25 ± 39.32 -953.22 42 
5 BI201335 1000.87 ± 38.27 -904.11 2 
6 13527817 951.65 ± 31.14 -943.41 34 
7 26660256 912.26 ± 24.17 -932.25 14 
8 Telaprevir 859.04 ± 58.10 -943.33 33 
9 29482733 810.97 ± 71.19 -921.29 3 
10 25977181 800.06 ± 79.19 -924.53 6 
11 28005928 779.60 ± 71.84 -935.97 22 
12 13527826 767.04 ± 54.90 -940.76 29 
13 13471529 763.17 ± 81.03 -946.99 39 
14 72112491 729.22 ± 12.33 -946.24 36 
15 3966122 707.77 ± 42.16 -934.40 18 
16 49756462 690.48 ± 96.17 -934.69 19 
17 1895578 684.96 ± 38.90 -931.97 13 
18 22342 679.38 ± 65.38 -932.88 16 
19 1903930 649.94 ± 97.43 -930.03 10 
20 23547 611.64 ± 54.82 -930.63 11 
21 3925317 601.30 ± 6.15 -938.06 26 
22 25977172 594.61 ± 48.14 -933.69 17 
23 2005813 593.81 ± 82.85 -931.41 12 
24 72181357 587.06 ± 50.96 -940.29 28 
25 1894693 579.37 ± 15.41 -928.81 7 
26 13527821 565.10 ± 59.03 -938.71 27 
27 3925316 547.57 ± 61.01 -934.80 20 
28 3966114 529.68 ± 66.69 -932.57 15 
29 26658166 521.57 ± 84.34 -929.83 9 
30 43178451 521.43 ± 48.59 -922.39 5 
31 29482733 521.01 ± 66.44 -921.29 4 
32 1903942 515.77 ± 25.40 -941.28 30 
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33 1903936 508.34 ± 48.86 -937.61 25 
34 59782084 496.28 ± 57.14 -946.47 38 
35 13589564 490.45 ± 58.39 -949.71 40 
36 13527802 480.58 ± 56.93 -944.54 35 
37 13527806 472.03 ± 119.13 -943.18 32 
38 49756827 450.79 ± 44.51 -929.65 8 
39 22341 414.49 ± 97.25 -935.51 21 
40 3596259 412.72 ± 56.80 -942.17 31 
41 27518377 350.58 ± 67.04 -936.31 23 
42 7518 335.15 ± 54.72 -946.32 37 
43 143992 321.18 ± 36.15 -950.28 41 
44 164954 309.71 ± 82.12 -959.60 43 
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