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ABSTRACT 
 

 

EFFECTS OF PROTONATION STATES OF CATALYTICALLY 

IMPORTANT RESIDUES AND ACTIVE SITE WATER MOLECULES 

ON PTP1B CONFORMATION 
 

 

Protein Tyrosine Phosphatases 1B (PTP1B) play a critical role in normal cell 

proliferation, differentiation, and metabolism, by removing the phosphate group from 

phosphotyrosine. Unliganded and liganded states of PTP1B are mostly associated with the 

open state of WPD loop (WPDopen) and the open state of WPD loop (WPDclosed) 

conformations in Protein Tyrosine Phosphatase (PTP) family, but in some cases WPD loop 

has been observed to adopt the closed conformation in the unliganded structures, and open 

conformation in the liganded structures. Position of the water molecules in the active site 

are suggested to help stabilize the closed conformation in PTP1B, and prevent the loop 

closure and maintain an atypical WPD loop conformation in STEP, which is another 

member of PTP family. Another controversial issue that may be related with the active site 

conformation and dynamics is the unusual protonation states of the active site residues 

Asp181 and Cys215: Asp181 is suggested to be protonated and Cys215 sidechain is 

suggested to be a thiolate. In this thesis, molecular dynamic (MD) simulations were used to 

study the effects of protonation states of Asp181 and Cys215, and the active site waters on 

the WPD loop conformations. MD simulations were performed on the unliganded PTP1B 

in WPDopen and WPDclosed, and the liganded PTP1B in WPDclosed conformations. In the 

WPDopen unliganded state, protonation state of Asp181 did not have a significant effect on 

the conformation or dynamics of the catalytically important loop regions in the vicinity of 

Asp181. The WPDclosed crystal structure conformation was maintained only in the MD 

simulations with a protonated Asp181 and with the initial positioning of crystal structure 

waters. With the active site waters missing, WPD loop moves from the closed to an 

intermediate conformation. Crystal structure conformations of the Michaelis complex were 

maintained only in the MD simulations with the protonated Asp181, protonated Cys215, 

and initialized with the single crystal structure water at the active site. When Cys215 was 
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deprotonated, either the peptide or WPD loop moved out of the pocket. These results bring 

doubt on the controversial assumption that Cys215 should be in thiolate form in the 

Michaelis complex. In the absence of the active site water, Asp181 moves toward the 

position preoccupied by the water, and pTyr is slightly displaced.  As a result, one may say 

that proper protonation states of active site residues and proper positioning of water 

molecules play important roles for the WPD loop activation/inactivation. 
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1. INTRODUCTION 
 

 

Phosphorylation and dephosphorylation are significant regulatory events, especially 

in the pathways that control cell growth and differentiation. Tyrosine phosphorylation is 

regulated by protein tyrosine kinases (PTKs), which catalyze the addition of phosphate to 

tyrosine residues, and by protein tyrosine phosphatases (PTPs), which remove the 

phosphate group from phosphotyrosine (pTyr). Protein tyrosine phosphatase 1B (PTP1B) 

which was the first PTP to be isolated in homogeneous form has emerged as a critical 

regulator of multiple signaling networks involved in human disorders such as diabetes, 

obesity, and cancer. 

 

 Crystal structures of PTP1B show that WPD loop exist in two different 

conformations. WPD-loop is usually in an “open” conformation in the unliganded form. In 

substrate and inhibitor complexes, the WPD loop is usually obtained in the closed 

conformation. However, in some cases, WPD loop has been observed in the open form 

with bound ligands, and WPD loop has been found to be in closed form with no ligand 

bound. In some of the studies, active site water positions are suggested to be significant in 

determining the WPD loop conformation. 

 

In the first step of catalysis, the Aspartic acid (Asp181) on WPD-loop acts a general 

acid by adding a proton to leaving tyrosine, while it functions as general base by 

abstracting a proton from a catalytic water molecule in the second step. Also in the first 

step, Cys215 should be deprotonated (thiolate) so as to act as a nucleophile attacking the 

phosphorous. Experimental and computational studies on pKa values of Asp181 show that 

Asp181 in PTP1B is quite likely to be found in the protonated state, while Cys215 is likely 

to be negatively charged. On the other hand, how a negatively charged Cys215 would form 

a Michaelis complex with the negatively charged PO4 has not been clearly understood.   

  

In this study, Molecular Dynamics (MD) simulations of the unliganded PTP1B with 

the WPD loop in open (WPDopen) and closed (WPDclosed) states, and peptite-bound PTP1B 

with the WPD loop in closed state were performed. 19 different MD simulations with a 

total simulation period of 0.4 µs were run using CHARMM forcefield with NAMD at 
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different protonation states of Asp181 and Cys215, initialized with different water 

molecule positions, and different Cys215 sidechain conformations.  

 

In the following section of this thesis, structural and catalytic properties of PTP1B 

are discussed. In the third section, computational methods, mainly forcefield and protocols 

MD simulation protocols, and the methods used in the analyses of MD simulations are 

introduced. The Results and Discussion section consists mainly of three subsections. In the 

first part, three MD simulations with the unliganded PTP1B in WPDopen conformation at 

different ionization states of Asp181 are examined. In the second part, four MD 

simulations with the unliganded PTP1B in WPDclosed conformation at different ionization 

states of Asp181and initialized from different positions of are examined. In the third part 

of Results and Discussion section, 12 MD simulations of peptide-bound PTP1B in 

WPDclosed conformation are analyzed at different ionization states of Cys215 and Asp181, 

and initialized from different water positions and Cys215 sidechain conformations.  

 

The most important results of the thesis are as follows. In the unliganded state, while 

the protonation state of Asp181 does not seem to have a significant effect of the WPD 

conformation, WDPclosed conformation in the crystal structure can be maintained only with 

the protonated Asp181, and in the presence of active site waters. In the absence of active 

site waters, WPD loop is stabilized in an intermediate conformation, indicating that this 

conformation may be an intermediate step during the WPD loop opening. In the liganded 

state, the Michaelis complex of the protein and ligand is stabilized in the crystal structure 

only when Cys215 is protonated (thiol), Asp181 is negatively charged, and with the crystal 

structure water present in the active site pocket. This is an interesting result, since 

experimental and computational studies, though not reaching a complete agreement, 

suggest that Cys215 sidechain is expected to be in thiolate state. On the other hand, results 

in this study show that a negatively charged Cys215 would tend to displace either the 

ligand, or open the WPD loop. The results found in this thesis show that protonation states 

of active site residues and positions of active site waters may play important roles in the 

conformational activation of proteins.  
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2. PROTEIN TYROSINE PHOSPHATASE  
 

 

Protein-tyrosine phosphorylation and dephosphorylation play a critical role in normal 

cell proliferation, differentiation, and metabolism [1-3] aging [4] and diabetes [5-8]. 

Tyrosine phosphorylation is regulated by protein tyrosine kinases (PTKs), which catalyze 

the addition of phosphate to tyrosine residues, and by protein tyrosine phosphatases 

(PTPs), which remove the phosphate group from phosphotyrosine (pTyr) [1]. Proper 

cellular functions are regulated by a balanced action of PTPs and PTKs [9].  

 

107 human PTPs have been identified, and they are classified into two main groups, 

as phosphotyrosine-specific ‘‘classical’’ PTPs, and the dual-specificity PTPs that 

dephosphorylate phosphotyrosine, phosphothreonine, and phosphoserine residues. The 

family of classical PTPs can be divided into two major subfamilies (Figure 2.1): 17 

nonreceptor (or cytoplasmic, or nontransmembrane) PTPs and 21 receptor-like 

(transmembrane) PTPs. [10, 11]. Receptor-like PTPs contain an extracellular domain, a 

single transmembrane domain, and one or two cytoplasmic PTP domains. Intracellular 

PTPs generally contain one PTP domain, and a N- or C- terminal domain that targets the 

enzyme to specific subcellular localizations [12].  

 

2.1. Protein Tyrosine Phosphatase 1B 

 

Protein Tyrosine Phosphatase 1B (PTP1B) was one of the first PTPs to be cloned, 

sequenced, and characterized [13-15]. PTP1B is a member of the nonreceptor family of 

PTPs, and contains the conserved catalytic domain, characterized by the amino-acid 

sequence (I/V)HCXAGXXR(S/T)G (X represents any amino acid) [15-17]. PTP1B 

contains an N-terminal catalytic domain and a C-terminal tail that anchors it to the 

endoplasmic reticulum, and it has been implicated in the negative attenuation of the insulin 

signal [12, 13, 18]. 
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Figure 2.1. The superfamily of protein tyrosine phosphatases and dual-specificity 

phosphatases: (A) Classical protein tyrosine phosphatases. (B) Some of the dual-specificity 

phosphatases [19]. 

 

2.1.1. Biological Significance of PTP1B 

 

Protein tyrosine phosphatase 1B (PTP1B) has been implicated in the negative 

regulation of insulin and leptin signal transduction pathways among other biological 

functions [20, 21]. Mice lacking functional PTP1B exhibit increased insulin sensitivity and 

improved glycemic control, and are resistant to diet-induced obesity [22]. Treatment of 

diabetic mice with PTP1B antisense oligonucleotides resulted in reduced PTP1B 

expression, and subsequent decreases in the adipose tissue mass, plasma insulin, and blood 

glucose levels [23].  It has been suggested that PTP1B inhibitors may be used for designing 
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A variety of structural studies, coupled with extensive enzymatic and kinetic 

analyses from several laboratories, have provided important insights into the mechanism of 

substrate recognition and catalysis [26]. All members of the PTP family are characterized 

by the presence of a signature motif, [I/V]HCXXGXXR[S/T], which contains the cysteinyl 

residue (Cys215 in PTP1B) that is essential for catalysis. PTP-mediated catalysis proceeds 

via a two-step mechanism (Figure 2.3). In the first step of the catalytic reaction, there is 

nucleophilic attack by the sulfur atom of the thiolate side chain of the cysteine amino acid 

on the substrate phosphate, coupled with protonation of the tyrosyl-leaving group of the 

substrate by the side chain of a conserved acidic residue (Asp181 in PTP1B) acting as a 

general acid. This leads to formation of a cysteinyl-phosphate catalytic intermediate. In the 

second step, catalytic intermediate is hydrolyzed by a water molecule, mediated by Gln 

262, and Asp181, which functions as a general base, and phosphate is released. 

 

 

 

Figure 2.3. Schematic representation of the catalytic mechanism of PTP1B [27]. 

 

2.1.3.  PTP Signature Motif (P-Loop) 

 

The active site sequence VHCSXGXGR[T/S]G (residues 213 to 223 in PTP1B) 

defines the PTP family and is often referred to as the PTP signature motif or the “P- loop.” 
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Residues in this motif form the phosphate-binding loop, which is located at the base of the 

active site cleft. The cysteine in the PTP signature motif acts as a nucleophile and accepts 

phosphate transiently during catalysis [28], and the invariant Arg221 is involved in both 

substrate binding and in the stabilization of the phosphoenzyme intermediate [29]. Glu115 

and Arg257 form hydrogen bonds with the P-loop, with the invariant Glu115 determining 

the position of Arg221 through a conserved salt bridge between the carboxyl and 

guanidinium groups. Their invariance among human PTPs highlights their principal role in 

defining the architecture and function of the phosphate-binding loop. The close proximity 

of the catalytic Cys215 residue to main-chain amide groups of the P-loop and hydrogen 

bonding with both the side chain of Arg221 and the hydroxyl group of Ser222 stabilize the 

thiolate (deprotonated) form of the cysteine, favoring its function as a nucleophile [25, 30, 

31]. Moreover, theoretical investigations revealed that Arg257 may also contribute to 

stabilizing the nucleophilic nature of the active site cysteine [32]. Mutation of the catalytic 

Cys215 to serine or alanine abrogates all enzyme activity while maintaining affinity for 

substrates in vitro, a feature that has been successfully utilized to obtain structures of PTPs 

in complex with phosphotyrosine peptide substrates [33-36]. 

 

2.1.4. WPD loop  

 

Residues 176–187 comprise a flexible loop, known as the WPD-loop. 

Crystallographic studies have shown that PTP1B can exist in two conformations. In the 

native, unliganded form, the WPD-loop is in an ‘‘open’’ conformation, and the binding 

pocket is easily accessible to substrate (Figure 2.4A). Upon substrate binding, the WPD-

loop closes over the active site, forming a tight binding pocket for the substrate [4–6]. 

WPD-loop closure is essential for the catalytic mechanism of PTP1B [7]. The binding of 

phosphopeptides to the PTP loop promotes a major conformational change in the WPD 

loop that moves several angstroms to close the active site pocket and trap the bound 

phosphotyrosine [33, 37] .  

 

The amino acid sequence of this surface loop is quite diverse, except for the 

WPDXGXP motif that contains a general acid-base catalyst (Asp181) [38]. The presence 

of two proline residues (which do not support hydrogen bonding) and a glycine in the 

hinge bend region of this segment is critical for the dynamics of the WPD loop motion [39, 
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40]. An interaction between the invariant tryptophan (Trp179) in the WPD loop and the 

arginine in the P-loop (Arg221) plays an important role in closure of the WPD loop [37, 

41]. Enzyme kinetic analyses of this PTP confirmed that mutation of the hinge Trp179 

disables catalysis [42, 43]. 

 

WPD loop is found to be away from the P-loop (open conformation, denoted with 

WPDopen) in the inactive form, or close to the P-loop (closed conformation, denoted with 

WPDclosed) in active form. When the substrate is not bound, WPD loop is usually an open 

conformation [25]. Upon substrate binding, it closes over the active site. . In the presence 

of allosteric inhibitors, WPD loop cannot close and the enzyme is inactive, showing that 

WPD loop closure is necessary for activation of PTP1B [44]. It has been suggested that 

WPD loop closure designates decrease in the solvent accessibility of the bound oxyanion, 

and the closure shields catalytic intermediates from phosphate acceptors other than water 

[41]. The fact that PTP1B exists in an open form in the presence of substrate [25, 45] and a 

closed conformation, in the absence of substrate [46] shows that the population shift model 

may explain the conformational activation of PTP1B.  

 

The stability of the closed form of WPD loop may be explained on the basis of the 

following interactions (Figure 2.4B): i) Hydrogen bond between Trp179 carbonyl oxygen 

and Arg221 sidechain nitrogen, ii) hydrophobic interactions between the sidechains of 

Trp179 and Arg221, iii) hydrogen bond between Arg221 sidechain nitrogen atoms and 

oxyanions of the ligand, iv) hydrogen bond between Asp181 and the oxyanions, and the 

water molecule between them, v) hydrophobic interactions between Phe182 and the ring of 

pTyr,  and vi) the water molecule which forms hydrogen bond with nitrogen atoms of 

Phe182 backbone and Gln266 sidechain at the same time (this water molecule is within 

hydrogen bond distance to both pTyr and Asp181 sidechain oxygens). The first two of 

these interactions are examined to elucidate the conformational activation of WPD loop 

[47], and it is found that Arg221 sidechain rotation is necessary for the closure of WPD 

loop. In addition, closing of the WPD loop and the formation of the hydrogen bond 

between Trp179 and Arg221 occur at the same time.  
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Figure 2.4. Structures of open and closed conformations of PTP1B: (A) Open structure and 

closed structure are shown as white and black. WPD loop is in blue in open structure and 

red in closed structure. (B) Atomistic representation of the WPD loop and the active site.  
 

2.2. Effect of Water Molecules on the PTP1B Conformation 

 

Water is important for function and stability of biological molecules such as protein 

and DNA. Water molecules especially near the protein surface, called “biological water”, 

play major role on both activation of proteins and recognition process of other molecules 

[48]. It is known that organization and mobility of biological water molecules are different 

from that of bulk water [49].  Mimicking the role of biological water molecules by an 

inhibitor could increase the potency of the inhibitor [50].  

 

Importance of water on WPD loop conformations in PTP1B is emphasized in 

different studies.  In Figure 2.5, when WPD is open conformation, water molecules in the 

active site (in the vicinity of P,-R-, and Q-loops and WPD loop) establish hydrogen bond 

network with each other. A crystal structure where WPD is in closed conformation with no 

ligand (PDB code: 1SUG) [46] exists. It was suggested that WPD loop is stabilized in the 

closed conformation in the apo-form (no ligand binding) due to the polar interactions 

between the active site and four water molecules. Three of the water molecules are close to 

the phosphate oxygen atoms of pTyr of substrate (Figure 2.6A,B). Most of the 

PTP1B+inhibitor complexes inhibitors occupy the position of these three water molecules. 

The fourth water molecule, which forms hydrogen bonds with the Gln266 sidechain 

P‐loop

WPD loop 

WPD loop

Water
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nitrogen and Phe182 backbone, is suggested to play a critical role in the closed 

conformation of the WPD loop.  

 

WPD loop is also found to be open in crystal structures of PTP1B bound with 

floromalonly-tyrosine (PDB code:  1BZH) [45] and phenyl-O-malonic acid (PDB code: 

1G7F) [51], which are mimetics of pTyr (Figure 2.7). There may be two explanations of 

the WPD loop in open conformation in the liganded state. First, position of Arg221 in the 

open conformation of the loop WPD is more convenient for the interactions between 

Arg221 and the inhibitor. Second, malonyl carboxylate group occupies a position close to 

the position occupied by the water molecule in the pTyr bound state, forming hydrogen 

bonds with Gln266, however due to the lack of exact positioning; the closed conformation 

of the WPD loop would result in the formation of a cavity in the vicinity of Phe182.  

 

 

Figure 2.5. Interactions of WPD loop in unliganded open structure of PTP1B with the 

water molecules in the active site. Dotted lines represent the potential hydrogen bonds 

between the waters and the residues in the active site. 

 

P‐ loop

WPD loop
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Figure 2.6. Interactions of WPD loop in closed structure of PTP1B with the active site 

waters: (A) Ligand bound state. (B) Apo-PTP1B. Three of the water molecules are close to 

the positions occupied by the oxygen atoms of pTyr.  

 

 

Figure 2.7. Interaction network between the PTP1B active site residues, the inhibitor and 

water molecules in the open conformation of the WPD loop.  

 

2.3. Conformational Activation of WPD Loop in Other Members of PTP family 

 

WPD loop is found to be in more than one conformation in Yersinia PTPase by x-ray 

crystallography. Although WPD is open form in tungsten-bound PTP1B structure , it is in 

Phenyl-O-malonic acid 
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PTP1B might have prevented the WPD loop to be stabilized in the closed conformation 

[52]. 

 

 

Figure 2.9. Atypical state of WPD loop in two members in PTP families (A) Atypical 

WPD loop in GLEPP1 (yellow), open PTP1B (blue) and closed liganded GLEPP1 (red). 

(B) Atypical WPD loop in apo-STEP (blue), atypical liganded STEP (gray).  

 

As a result, factors affecting the mechanism of WPD closure have not been clearly 

identified yet. In addition, conformation and flexibility of the WPD loop differ in members 

of PTP family. These differences are suggested to affect the catalytic rate. However, it is 

not known whether diversity of residues in WPD loop (eg. residue number 182), or 

interactions with other region around the WPD loop (eg. R-loop) may cause these 

differences. Besides, the fact that WPD loop in some PTPs is stable at an untypical state 

may show the significane of this atypical conformation in all the PTP family. 

 

2.4. Ionization States of the Catalytically Important Residues in the Active Site 

 

The apparent pKa value of free cysteine is reported to be 8.3 [54]. Active site Cys in 

PTP family (Cys215 on PTP1B), however, is reported to have smaller pKa values in the 

literature. The pKa values, obtained from the inactivation by iodoacetate, of the 

nucleophilic thiolate in PTP1B (C215), in Yersinia PTPase (C403) and in VHR (C124) 

were determined to be 5.57, 4.67 and 5.6, respectively [55-57]. The experimental studies 

Atypical WPD loop

Atypical state of 
WPD loop 

open WPD loop 
closed WPD loop 
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on calculating the pH dependency of the kcat/Km indicate that pKa values for the 

nucleophilic cysteine based on the structural models for the unliganded enzyme were found 

to be [55], <4 for BPTP [58] and 5.4 [57].   

 

The pKa value for free aspartic acid is 3.8 [59]. Studies on pKa values of Aspartic 

acid on WPD, obtained from analysis of the pH dependency of the kcat/Km for free enzyme 

and kcat for complexes reveal that the Aspartic acid in free enzyme has a pKa value of 4.9 

for PTP1B [55], 5.1 for Yersinia PTPase [60], 5.3 for BPTP [58] and 5.7 for VHR [61], 

and Aspartic acid in substrate-bound protein has a pKa value of 6.7 for PTP1B, 5.2 for 

Yersinia PTPase [60] and 7.2 for VHR [61].  

 

Experimental studies [55-58, 60, 61]  suggest that for the first step of catalysis the 

phosphate group of the substrate must be protonated to dianionic form, the active-site 

cysteine residue must be deprotonated, and the active-site aspartic acid must be protonated. 

These studies establish that the active-site cysteine pKa is shifted downward into the acidic 

range, whereas the aspartic acid pKa is shifted upward into the neutral to mildly acidic 

range. These observations, together with structural studies, lead to the following picture of 

the initial step of catalysis [58]: In the free enzyme, the cysteine is initially negatively 

charged and the aspartic acid is protonated. The free phosphotyrosyl substrate moiety is 

initially unprotonated. These protonation states are maintained as the Michaelis complex is 

formed. Then, as the aspartic acid donates a proton to the leaving tyrosyl group, the 

thiolate of the active-site cysteine residue makes a nucleophilic attack on the substrate 

phosphorus atom. This results in the transfer of the phosphate group from the substrate to 

the enzyme, to form a covalent phosphocysteinyl enzyme intermediate [62]. 

 

Besides the experimental studies, there is a computational study on ionization states 

in the active site of PTPs [63]. Based on the study, pKa values of the Cysteine for 

unliganded and complex PTP1B and Yersinia PTPase were determined to be lower than -4 

where a residue must be mostly deprotonated and those of the Aspartic acid were 

determined to be  4.6 for unliganded PTP1B, 5.2 for Yersinia PTPase, 6.7 for complex 

PTP1B and 7.7 for complex Yersinia PTPase. The pKas of the Aspartic Acid computed for 

the unliganded enzymes are in good agreement with the experimental values obtained from 

the previous studies. The calculations consistently predict that in the neutral to mildly 
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3. METHODS 
 

 

3.1. Molecular Dynamics Simulations 

 

Computer simulations act as a bridge between microscopic and macroscopic; theory 

and experiment [64]. Molecular dynamics (MD) is one of the most important methods in 

computer simulations. This method was first introduced by Alder and Wainwright in the 

late 1950s [65] and allows both the static and dynamic properties of substances to be 

predicted directly from underlying interactions between molecules [66]. 

 

Molecular dynamics is involved with molecular motion, which is inherent to all 

physical and chemical processes. Molecular dynamic simulations calculate time dependent 

behavior of molecular system. They are used to investigate the structure, dynamics and 

thermodynamics of biological molecules. MD simulations are suggested to be significant 

in translating structure information into mechanisms highlighting biomolecular functions. 

Successful simulations of biomolecular systems can give rise to a good understanding of 

basic biological processes and they can provide new insight to drug design [67].  

 

In MD Simulations, motions of atoms are simulated as a function of time according 

to Newton's equation of motion given by,  

 

 (3.1)

 

The force can be also expressed as the gradient of the potential energy, 

 

 (3.2)

 

Hence, the following expression is obtained by combining two equations: 

 

 (3.3)
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contribution. There are several versions of the CHARMM force field available. The 

empirical force field used in this study is CHARMM27. The intramolecular potential 

energy function and the intermolecular potential energy function in CHARMM are shown 

in Equations 3.4 and 3.5, respectively. 

 

 
(3.4

)

 

 (3.5)

 

The intramolecular portion of the potential energy function includes terms for the 

bonds, valence angles, torsion or dihedral angles, improper dihedral angles and a Urey-

Bradley 1,3-term, where b0, θ0, φ0, and r1,3;0 are the bond, angle, improper, and Urey-

Bradley equilibrium terms, respectively, n and d are the dihedral multiplicity and phase 

and the K’s are the respective force constants. The intermolecular terms include 

electrostatic and van der Waals (VDW) interactions, where qi and qj is the partial atomic 

charge of atom i and j, respectively, εij is the well depth, Rmin,ij is the radius in the Lennard-

Jones (LJ) 6–12 term used to treat the VDW interactions, and rij is the distance between i 

and j. 

 

3.1.2. NAMD 

 

Nanoscale Molecular Dynamics (NAMD) is a parallel molecular dynamics code 

designed for high-performance simulation of large biomolecular systems such as proteins 

and nucleic acids. The non-bonded force computations require calculation of pairwise 

interactions between atoms. A cutoff distance, RC, is used in most common methods. 

Nonbonded interactions between atoms beyond the cutoff distance are either not calculated 

or calculated less often. NAMD2 uses a decomposition strategy combining the advantages 

of spatial decomposition and force decomposition, which permits the program to utilize a 
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large number of processors. Spatially, NAMD2 parallelizes the non-bonded force 

calculations by dividing the simulation space into a number of cubes. To increase the 

degree of parallelization, the force decomposition is also implemented in NAMD2. With 

the force decomposition, a number of compute objects can be created between each pair of 

neighboring cubes. These compute objects are responsible for calculating the non-bonded 

forces used by the patches and they can be assigned to any processor. The force 

decomposition supplies more opportunities to parallelize the computations. 

 

NAMD2 allows force field to be divided into three parts upon their variation 

frequency. All bonded forces such as bonds, angles, dihedrals, impropers are assumed to 

be quickly varying; while non-bonded forces including electrostatics, Lennard Jones within 

a cutoff are considered to change slower and long-range electrostatics are considered to be 

the slowest [71]. 

 

The application NAMD2 can be optimized to specific topologies on architectures 

where the topology information is available to the application. NAMD2 uses CHARMM 

force fields and X-PLOR coordinate and molecular structure files. In addition to non-

periodic simulations, NAMD2 can use periodic boundary conditions over any combination 

of the three coordinate axes as well as the non-periodic simulations. It performs cutoff 

simulations or full-electrostatic simulations employing multiple time stepping [67].  

 

3.1.3. MD Simulation Structures and Parameters 

 

The atomic coordinates for the unliganded WPDopen conformation (PDB code: 2F6F) 

[72] and  WPDclosed conformation (PDB code: 1SUG) [73] and the liganded WPDclosed 

conformation (PDB code: 1PTU) [74] were obtained from the protein data bank (PDB) 

[75]. All simulations were carried out using the NAMD2 program and the CHARMM27 

force field. In the 2F6F crystal structure, Ser295 is mutated to Phe, which exists in wild-

PTP1B, using VMD program. Missing residues and hydrogens were built using the psfgen 

module of VMD. The structures were surrounded by a periodic box of 86.3×68.9×60.8 Å 

and approximately 11500 TIP3P water molecules. SHAKE algorithm was applied to keep 

all bonds involving hydrogen bonds fixed. Long range electrostatic interactions were 

computed by the Particle-Mesh-Ewald (PME) method and the non-bonded cutoff was 
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3.2.3. Hydrogen Bond Criteria 

 

A hydrogen bond is a type of attractive intermolecular force that exists between two 

partial electric charges of opposite polarity. The hydrogen bond criteria used in this study 

are taken to be 3.5 Å for the cutoff distance between the donor and the acceptor atoms, and 

30˚ for the angle between the donor, hydrogen and the acceptor. 

 

 

3.2.4. Probability Distribution 

 

Probability distribution determines either the probability of each value of a random 

variable or the probability of the value within a particular interval [76]. Kernel smoothing 

density estimate [77] is a way of estimating the probability density function of a random 

variable. Kernel density estimation is a fundamental data smoothing problem where 

inferences about the population are made, based on a finite data sample.  

 

Given a sample data (x1, x2,…, xi), the kernel density estimator is given by the 

following general equation 

 

 
 

(3.7)

 

Where, K is the kernel function, h is a smoothing parameter called the bandwidth. 

 

 



22 
 

 4. RESULTS AND DISCUSSION 
 

 

In this study, Molecular Dynamics (MD) simulations of PTP1B in different 

conformations in the presence or absence of ligand are performed to elucidate the effects of 

protonation states of Asp181 and Cys215 and the active site water molecules on the 

conformation and dynamics of PTP1B. In Section 4.1, effect of the protonation state of 

Asp181 is investigated for apo (unliganded) PTP1B in the WPD loop open state. In Section 

4.2, effects of Asp181 protonation state and active site water molecules are analyzed for 

the apo PTP1B in the WPD loop closed state. In Section 4.3, effects of protonation states 

of both Asp181 and Cys215 and active site waters are examined on the conformation of 

PTP1B, in the presence of a peptide containing pTyr is bound to the active site. 

 

4.1. PTP1B in the unliganded WPDopen state 

 

Three different MD simulations of the unliganded PTP1B in WPDopen conformation 

were performed (Table 4.1). In all of these simulations, the same crystal structure (PDB 

ID: 2F6F) was used as the initial structure. MD simulations are done for the protonated 

(neutral) and the negatively charged (anionic form) states of Asp181 separately.  Asp181 is 

in protonated state in MDo1, while it is negatively charged in MDo2 and MDo3. MDo3 is 

run to test the reproducibility of the simulation results.  

 

Table 4.1. MD Simulations of PTP1B in the unliganded and WPDopen conformation. 

Simulation Name Initial Structure  

(PDB ID) 

Ionic state of 

Asp181 

Simulation length 

(ns) 

MDo1 2F6F Neutral 40 

MDo2 2F6F Negatively Charged 40 

MDo3 2F6F Negatively Charged 40 
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and 299) have significantly high MSF values (> 10 Å2), so they are not shown in the 

figure.  It is seen that the residue mobility of PTP1B is quite similar in three simulations. In 

the following analysis, five catalytically important loops: WPD, P-, S-, Q- and R-loops, are 

to be examined, respectively. WPD loop has almost identical MSF values (the average is 

~0.82Å2) in all simulations (Figure 4.6). Asp181 and Trp182 on the WPD loop are the two 

residues with the highest mobility with MSF of ~1.88Å2 (Figure 4.6). S-loop is also 

another mobile region, and the mobility of S-loop is similar in all simulations (~1.0 Å2, 

figure not shown). P- and Q-loops are less mobile compared to WPD and S-loops, and 

these regions in three simulations have similar MSF of ~0.20 and ~0.30 Å2, respectively. 

R-loop, contrary to the other loops, shows significant differences in MSF with respect to 

the MD simulations (Figure 4.7). MSF of the R-loop in MDo1, MDo2, and MDo3 are 3.65, 

3.00 and 0.83 Å2, respectively. As stated previously, the difference in the mobility of R-

loop cannot be attributed to the protonation state of Asp181, since MSF value of the R-

loop in MDo1 is between those in MDo2 and MDo3. 
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Figure 4.5. MSF of the residues in MDo1 (red), MDo2 (black), and MDo3 (blue) 

simulations. 
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Figure 4.6. MSF of WPD loop in MDo1 (red), MDo2 (black), and MDo3 (blue). 
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Figure 4.7. MSF of R-loop (113-120. residues) in MDo1 (red), MDo2 (black), and MDo3 

(blue). 

 

4.1.3. Polar Interactions between WPD loop and R-Loop  

 

Asp181 on the WPD loop may make nonbonded contacts with residues on the R-

loop. Given the high mobility of R-loop, interactions between Asp181 and R-loop may 

have functional significance. In this section, polar interactions between WPD loop and R-

loop are examined. 

 

Figure 4.8 represents the nonbonded (van der Waals and electrostatic) energy 

between WPD loop and R-loop. While the energy fluctuates between -50 and -200 

kcal/mol in MDo2 and MDo3, it fluctuates around ~-20 kcal/mol in MDo1. Probability 

density function (Figure 4.8B) is computed using Kernel smoothing density estimate 

method [77]. This shows that the interaction between WPD loop and R-loop is 

significantly stronger, when Asp 181 is negatively charged. 
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Figure 4.8. (A) Nonbonded energies between WPD lop and R-Loop (B) Probability 

distribution of the nonbonded energies. In both figures, MDo1 (red), MDo2 (black), and 

MDo3 (blue) are shown. 

 

In order to determine what causes the difference in the nonbonded energy, polar 

interactions between WPD and R-loops are investigated at the atomistic level. Asp181 on 

WPD loop can form a salt bridge with Arg112 on R-loop when Asp181 is negatively 

charged (in MDo2 and MDo3). This interaction is missing in MDo1  and instead, Arg112 in 

MDo1 may prefer to make hydrogen bonds (H-bonds) with the backbone oxygen atoms of 

Trp179 and Pro180 (Figure 4.9). The minimum distance between sidechain oxygen atoms 

of Asp181 and sidechain nitrogen atoms of Arg112 is calculated (Figure 4.10A) and a 

probability distribution is plotted (Figure 4.10B). The distance is mostly between 2.7-3.0 Å 

in MDo2 and MDo3, whereas this distance is around 3-5 Å in MDo1 (Figure 4.10B). The 

polar interaction between Arg112 and Asp181 is weaker in MDo but the interaction of 

Arg112 with Trp179 and Pro180, particularly until ~30ns, is stronger in MDo1 than that in 

other MD simulations. The minimum distance between sidechain nitrogen atoms of 

Arg112 and the backbone oxygen atoms of Trp179 and Pro180 on WPD loop as well as 

their probability distributions are plotted in Figure 4.10C-E. Arg112-Pro180 distance has a 

bimodal probability distribution in MDo1, and the lower mode at ~3 Å shows the 

possibility of the formation of H-bonds (Figure 10D). It is also seen that the mode of the 

probability distribution of the distance between Trp179 and Asp181 is the highest in MDo1 

A B
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(Figure 10E). It is interesting that these two distances have the highest variance in MDo1 

due to the fact that Arg112 moves away from WPD loop in MDo1 after ~30ns.  

 

Therefore, it may be concluded that in the WPDopen state, protonation state of 

Asp181 does not have a significant effect on the conformation or dynamics of the 

catalytically important loop regions in the vicinity of Asp181, but it may be important in 

regulating the polar interactions between WPD loop and R-loop. These interactions may be 

important in WPD loop closing/opening motions [47]. 

 

Figure 4.9. (A) Polar interactions between Arg112 (purple) and Asp181 (green) in MDo2 

and MDo3, (B) Polar interaction between Arg112 (purple) and, Pro180 (red) and Trp179 

(blue) in MDo1. 

 

Therefore, it may concluded that in the WPDopen state, protonation state of Asp181 

does not have a significant effect on the conformation or dynamics of the catalytically 

important loop regions in the vicinity of Asp181, but it may be important in regulating the 

polar interactions between WPD loop and R-loop. These interactions may be important in 

WPD loop closing/opening motions [47]. 
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Figure 4.10. Arg112 distance to important residues: Minimum distance of Arg112 nitrogen 

atoms to (A) Asp181 oxygen atoms; (C) Pro180 oxygen and nitrogen atoms; (E) Trp179 

oxygen and nitrogen atoms; and (B, D, F) Probability distribution of the distances.  
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in MDc1 and MDc3 (and MDc4) is about 3 Å away from WPDopen crystal structure (Figure 

4.12B). As a result, WPD loop remains close to WPDclosed in MDc1, WPD loop moves to 

an intermediate conformation between WPDclosed and WPDopen crystal structures in MDc2 

and WPD loop in MDc3 moves to an alternative conformation other than WPDclosed or 

WPDopen. 

 

 

Figure 4.12. RMSD of WPD loop relative to (A) WPDclosed and (B) WPDopen crystal 

structures in MDc1 (black), MDc2 (blue) and MDc3 (red). 

 

RMSD of WPD loop between average structures of each MD simulation and 

WPDopen and WPDclosed crystal structures are shown in Table 4.3. The RMSD between 

WPDopen and WPDclosed crystal structures is 2.92 Å. The RMSD of MDc2 to WPDopen and 

WPDclosed is calculated as 2.34 and 2.58 Å, respectively. As stated above, WPD loop MDc1 

is closest to the WPDclosed crystal structure, and WPD loop in MDc2 is almost equidistant to 

both WPDopen and WPDclosed structures. On the other hand, WPD loop in MDc3 and MDc4 

(with a very low RMSD of 0.39 A between them) are away from not only the WPDclosed 

(~2.15 Å) but also the WPDopen (3-3.2 Å, greater than 2.92 Å) crystal structure, showing 

that WPD loop in MDc3 and MDc4 moves to an alternative conformation.  

 

Figure 4.13 shows structural comparisons of the average conformation of WPD loop 

in the simulations (cyan) with WPDclosed (blue) and WPDopen (red) crystal structures. Figure 

A B
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those of the other simulations. Thus, it may be argued that the conformational change in S-

loop is responsible for the different dynamics observed in MDc1.  
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Figure 4.17. MSF of the S-loop (A) between 10-40 ns and (B) between 10-27 ns of MDc1 

(black), MDc2 (blue) and MDc3 (red). 

 

 

 

Figure 4.18. The average conformations of the S-loop before (blue) and after (red) the 

conformational transition at 27 ns in MDc1. 
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Figure 4.23 shows the residues making polar interaction with Asp181 in MD 

simulations. Asp181 in MDc1 does not make any stable H-bonds with (except occasional 

H-bonds with Gln262, Figure 4.23A), and this is in agreement with the crystal structures. 

When the active site crystal waters are absent from the simulation (MDc2), WPD loop is 

opened to an intermediate conformation, and sidechain of Asp181 points toward the R-

loop to make a H-bond with Glu115 (Figure 4.23B). Since a conformational change of 

Glu115 is required for the full opening of WPD loop [46], this interaction may be 

important in the intermediate WPD loop conformation. Asp181 forms a salt bridge with 

Arg221 in MDc3 and MDc4, and it closes over the active site (Figure 4.23 C). 

 

To determine the differences in the polar interactions between these residues with 

respect to MD simulations more clearly, interatomic distances are monitored. The 

minimum distance between sidechain O atoms of Asp181 and sidechain N atoms of 

Arg221 is represented in Figure 4.24A,B. This distance fluctuates around 3.2 Å in MDc2 

and around 4.5 Å in MDc1, showing that Asp181 does not interact directly with Arg221 in 

MDc1. On the other hand, although a distance of 3.2 Å is adequate to form a H-bond (the 

proton-acceptor distance is less than 3.5 Å and the angle between the proton-donor bond 

and the line connecting the donor and acceptor atoms is less than 30˚), H-bonds between 

Asp181 and Arg221 is not likely to be formed in MDc2 due to angle considerations (Figure 

4.23B). The minimum distance between the sidechain hydroxide oxygen of Asp181 and 

the negatively charged sidechain oxygens of Glu115 is plotted in Figure 4.24C-D. The 

distance is below 3 Å in MDc2 after 5 ns whereas it is above 4 Å in MDc1. A H-bond is 

formed between Asp181 and Glu115 for ~90% of the period between 5 to 40 ns of in 

MDc2. This shows that Asp181 and Glu115 make polar interactions in MDc2, while this 

interaction is missing in MDc1. The minimum distance between the sidechain oxygens in 

Asp181 and polar sidechain atoms of Gln262 is plotted in Figure 4.24E-F. A H-bond is 

formed between Asp181 and Gln262 for only 17% of the simulation time in MDc1, 

whereas this H-bond is not formed at all in other MD simulations. Furthermore, Asp181 

makes a very stable salt bridge with Arg221 in MDc3 and MDc4 (Figure 4.25).  

 

In summary, the interaction analysis for Asp181 shows that when Asp181 is 

negatively charged, it interacts with Arg221. On the other hand, when it is neutral, it has 

electrostatic interactions with Arg221 and Glu115 (MDc2) or no interactions (MDc1) 



43 
 

Figure 4.23. Polar interaction of Asp181 with the surrounding residues in representative 

conformations from (A) MDc1 sampled at 30 ns, (B) MDc2 sampled at 30 ns, and (C) 

MDc3 sampled at 30 ns. Dashed lines show the polar interactions. 
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Figure 4.24. Asp181 distances to important residues: Minimum distance between Asp181 

O and Arg221 N atoms; Asp181 sidechain H bearing O and Glu115 O atoms; Asp181 O 

and Gln262 O and N atoms in (A,C,E) MDc1 and (B,D,F) MDc2. 

 

4.2.4. Analysis of the Active Site Water Molecules in WPDclosed Simulations 

 

The positions and number of water molecules in the active site are examined in the 

MD simulations to elucidate the effect of active site waters on the structure of the active 

site. In the WPDclosed crystal structure (PDB code: 1SUG), there are four water molecules 

buried in the active site, as seen in the surface plot of the protein and oxygen atoms of the 
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active site waters (shown in red) in Figure 4.26A. Figure 4.26B represents the potential 

hydrogen bonds of these waters with the active site residues of PTP1B. The waters are 

designated as W1, W2, W3 and W4 [46]. The distance between the sulfur of Cys215 and 

W1 is 3.20 Å. W2 is 3.01 Å and 3.17 Å away from the NH1 of Arg221 and OH1 of 

Asp181, respectively. W3 is close to NE of Ar221 (2.87 Å), and it is also in a position to 

interact with W2, W4 and W1 at the same time. The sidechain oxygen of Gln262 is 2.77 

and 3.01 Å away from W4 and W1, respectively. Of these water molecules, W1 has the 

lowest B-factor (19 Å2) ,while higher B values are observed for W2 (26 Å2), W3 (31 Å2) 

and W4 (32 Å2) [46]. 
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Figure 4.25. The minimum distance between sidechain O atoms of Asp181 and sidechain 

N atoms of Arg221: MDc3 (black) and MDc4 (red). 

 

Solvent accessible surface area (SASA) of the all atoms of the active site residues 

(Asp181, Trp182, Cys215, Ser216, Ala217, Gly218, Ile219, Gly220, Arg221, Gln262, and 

Gln266) is calculated for all simulation (Figure 4.27). While the SASA of the active site 

residues fluctuates ~1600 Å2 in MDc2, it varies between 1500-1550 Å2 in the other 

simulations. The higher SASA values in MDc2 may be attributed to the opening of the 

WPD loop, as mentioned earlier (Figure 4.12 and 4.13). When SASA values are 

recalculated using only the sidechain atoms of the active side residues, and it is seen that 

the different behavior of MDc2 persists (figure not shown), showing that inclusion of 

backbone of the active site residues does not change the result presented here. 
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Figure 4.26. (A) The waters in the active site in the WPDclosed crystal structure (1SUG) (B) 

Potential  hydrogen bonds (<3.5 Å) of the water molecules with Asp181, Trp182, Arg221, 

Cys215 and Gln262. 

 

To determine whether a water molecule resides in the active site of PTP1B during 

the MD simulations, water molecules within a certain distance to the polar atoms of the 

active site residues Asp181, Cys215, Arg221, Ser222, and Gln262 are selected. For 

example, one of the selection criteria for the active water site molecules is that the distance 
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of the water molecule to any of the sidechain nitrogens of Arg221, and Cys215 sulfur atom 

should be smaller than 3.5 Å at the same time. For the list of selection criteria, see 

Appendix B.  Water selection criteria in all the simulations are identical except those for 

the distance to Asp181 sidechain oxygens. Because of the larger opening of the WPD loop, 

and Asp181 moving closer to the R-loop in MDc2, a larger distance criterion is taken in 

MDc2. The results of the water selection criteria have been checked by visually examining 

numerous MD snapshots, and the validity of the selections is confirmed. 
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Figure 4.27. SASA of the active site in the four simulations. 

 

Figure 4.28 shows the histogram of the number of water molecules in the active site 

during the MD simulations. In MDc1, mostly three, or slightly less frequently two water 

molecules occupy the active site. Due to the larger opening of the WPD loop, it is possible 

to encounter ~5-6 water molecules in MDc2, but the stability of these water molecules are 

lower, as to be shown below. In MDc3,4, there are two water molecules in the active site for 

substantial periods of simulation times. 

 

Figure 4.29 shows the index of water molecules occupying the active site during the 

MD simulations. This figure allows enumeration of the number of different water 

molecules that enter the active site during the simulations. Water molecules are indexed 



48 
 

with respect to the order they entered the active site. It is seen that fewer than 60 different 

water molecules visited the active site in MDc1, which is the smallest number of different 

active water molecules in all four MD simulations. Two of these water molecules stayed in 

the active site during most of the simulation time, while an additional third water molecule 

stayed in the active site after ~30ns. In MDc3 and MDc4, a slightly higher number of water 

molecules visited the active site, but the number of water molecules occupying the active 

site simultaneously was smaller (as found above). In MDc2, ~500 different water 

molecules visited the active site. 
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Figure 4.28. Distribution of the number of water molecules occupying the active site 

during the MD simulations.  

 

To examine the visiting time of active site water molecules in more detail, frequency 

of the active site occupancy of the waters is shown in the Figure 4.30. The index of the 

water molecules with high occupancy values are labeled (with respect to their atomic 

indices in the protein structure files) on each figure. In MDc1, water molecules with indices 

38042MDc1 and 38465MDc1 (corresponding to the positions occupied by W3 and W4 in the 

crystal structure, see below) reside almost always (>97%) in the active site, and the water 

molecule with the index 34049MDc1 entered the active site after ~30ns (Figure 4.30 A). 
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Beside these waters, 50-60 different water molecules occasionally enter the site, as the 

third or fourth water molecules. In MDc2 two of the 500 different active water molecules 

have occupancies of ~80%, and there are 10 active site waters occupying the active site 

between 10 to 30% of the simulation time. This shows that active site water molecules are 

less stable in MDc2. In MDc3, 38461MDc3 stays in the active site until ~35 ns, and then 

replaced by 15133MDc3. Likewise, 38461MDc3 stays in the site until ~5 ns, replaced by 

34975MDc3, 33475MDc3, 34921MDc3 and 2412MDc3, respectively. A similar behavior is 

observed in MDc4, in which 18910MDc4 stays in the active site during the whole simulation 

period. Molecule 9864MDc4 is present until ~17 ns, replaced by 27655MDc4, and 15661MDc4, 

respectively. These results show that the most stable waters are in MDc1, showing the 

importance of the protonation state of Asp181 and the crystal structure water positions. In 

the intermediate state of the WPD loop (MDc2), the stability of the water molecules is 

significantly reduced, and a large number of water molecules enter and leave the active 

site. When the WPD loop is in an alternative conformation in the negatively charged 

Asp181 states (MDc3 and MDc4), the stability of the water molecules and the number of 

active site waters are slightly reduced. Water molecules with high active site occupancies 

are to be examined in more detail, in the following paragraphs. 

 

Figure 4.31 shows the number of active site water molecules, which may link the 

polar sidechain atoms of Asp181 to the polar sidechain atoms of Cys215, Arg221, and 

Gln262. It is important to note that all these four residues are important for the function of 

PTP1B. Figure 4.31A shows the histogram of the number of active site water molecules 

close (<3.5Å) to any of the sidechain oxygen atoms of Asp181 and the sulfur atom of 

Cys215, at the same time.  There is often at least one water molecule (~75%) between 

Asp181 and Cys215 in MDc1, whereas for most of the times (~90%), there is no water 

molecule linking these two catalytically important residues in MDc2. On the other hand, 

there is at least one water molecule between these residues in MDc3,4 because the sidechain 

of Asp181 closes over the active site. Figure 4.31B shows the histogram of the number of 

active site water molecules close (<3.5Å) to any of the sidechain oxygen atoms of Asp181 

and the sidechain oxygen or nitrogen atom of Gln262, at the same time. For ~50% of the 

simulation period, there is no water molecule satisfying the given criterion in MDc2, 

whereas it is less than 5% of the simulation time during which no water molecule is present 

for that position in MDc1. Figure 4.31C shows the histogram of the number of active site 
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water molecule close (<3.5Å) to any of the sidechain oxygen atoms of Asp181 and 

sidechain nitrogen atoms of Arg221, at the same time. Similar to the other two examined 

residue-water interactions, the number of water molecules, which may link Asp181 and 

Arg221, is greater in MDc1, compared to that in MDc2. Results obtained for the water 

molecules close to Asp181-Gln262 and Asp181-Arg221 residue pairs in MDc3 and MDc4 

are similar to those obtained for MDc1. These results show that active site water molecules 

link the catalytically important residues Asp181, Cys215 and Gln262 in the closed 

conformation of WPD loop, and as WPD loop tends to open, these links are broken. 

 

 WPD loop conformation in MDc1 is closest to that in the WPDclosed crystal 

structure, but are the positions of the active site waters in MDc1 also close to those in the 

WPDclosed crystal structure? Figure 4.32 shows the sampling times of the MDc1 snapshots, 

in which a water molecule exists within 1.5 Å of the four crystal water molecules (W1, 

W2, W3 and W4). Table 4.4 shows, in addition to the percentage occupation of the crystal 

structure water sites, the average distance of water molecules to those sites, and the number 

of different water molecules visiting those sites. It is seen that the position of W4 is 

occupied during the longest period (93.2%) and by only three different water molecules. 

The next most frequently occupied water site is that of W3, with an occupation ratio of 

73.5 %, and only four different water molecules visited this site. The position of W2 is 

slightly less occupied at 68.8%, and with 25 different water molecules. There is no water 

molecule sufficiently close to the position occupied by W1, although there is a water 

molecule at the beginning of the simulation. Visual examination of the active site shows 

that Ile219 moves toward the active site pocket, and sterically hinders water molecules to 

occupy the position of W1 (Figure 4.33) possibly due to a forcefield defect. This analysis 

shows that the stability of W4 water is the highest, closely followed by W3 water in MDc1. 

Furthermore, W2 water is less stable than both of those, while W1 water site is not 

occupied by water molecules. Surprisingly, this result contradicts the B-factors, which 

show that W1 molecule is the least mobile active site water, while W3 and W4 have the 

highest mobility.  

 

Figure 4.34 represents to distance between 38042MDc1, 38465MDc1 and 34049MDc1 

between W2, W3 and W4. 38042MDc1 is mostly closest to W4. It leaves after ~38 ns. 
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38465MDc1 stays between W2 and W3 until 34049MDc1 comes to the active site. After that, 

38465MDc1 is closest to W3 whereas 34049MDc1 is adjacent to W2.  
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Figure 4.29. Index of water molecules occupying in the active site with respect to the 

simulation time: (A) MDc1, (B) MDc2, (C) MDc3 and (D) MDc4.   

 

Before a detailed analysis of the interaction of the waters with active site residues, 

the sidechain orientation of Asp181 in MDc1 is examined. Distance between the sidechain 

oxygen atoms of Asp181 and CA of Cys215 which is one of the residues with the lowest 

A B

DC 
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MSF value in the active site, is plotted in Figure 4.35. It is seen that, for most of the 

simulation time, the double bonded oxygen (OD1) of Asp181 points toward the active site, 

whereas the hydroxide oxygen (OD2) points away from the active site. A similar 

observation may be made for the sidechain of Gln262: sidechain oxygen points toward the 

active site, while sidechain nitrogen points away from the active site during the simulation 

(figure not shown).    
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Figure 4.30. The frequency of the active site occupancy of the waters in MD simulations: 

(A) MDc1, (B) MDc2, (C) MDc3 and (D) MDc4.   
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Figure 4.31. Histograms of the number of active site water molecule close (<3.5Å) to any 

of the sidechain oxygen atoms of Asp181 and (A) sulfur of Cys215, (B) sidechain oxygen 

or nitrogen of Gln262, (C) sidechain nitrogen of Arg221, at the same time. 
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Figure 4.32. Mapping of the water molecules close (<1.5Å) to the crystal waters (W1, W2, 

W3 and W4). 

 

Table 4.4. Statistics of the waters occupying positions in the vicinity of the crystal structure 

active site waters 

  Simulation period, during which 

a water resides within 1.5 Å of the 

crystal structure active site water 

positions 

Average of the 

minimum distance 

of the active site 

waters (Å) 

Number of different 

active site water 

molecules 

W1 0 % 2.9 0 

W2 68.9 % 1.3 25 

W3 73.5 % 1.1 4 

W4 93.2 % 1.0 3 

 

 

Figure 4.33. Cys215 and Ile219 in the WPDclosed crystal structure (cyan) and representative 

conformation (red) of MDc1. 

Ile219 

Cys215 
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Figure 4.36.  The distance of double bonded sidechain oxygen of Asp181 to 38042MDc1 

(black), 38455 MDc1 (blue) and 34049MDc1 (red). 
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Figure 4.37. The distance of sulfur of Cys215 to 38042MDc1 (black), 38455 MDc1 (blue) and 

34049MDc1 (red). 
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Figure 4.38. The distance of NE of Arg221 to 38042MDc1 (black), 38455 MDc1 (blue) and 

34049MDc1 (red). 
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Figure 4.39. The distance of NH2 of Arg221 to 38042MDc1 (black), 38455 MDc1 (blue) and 

34049MDc1 (red). 
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Figure 4.40. The distance of OE1 of Gln262 to 38042MDc1 (black), 38455 MDc1 (blue) and 

34049MDc1 (red). 

 

Figure 4.41A show a representative snapshot of the three most stable (34049MDc1, 

34465MDc1 and 38042MDc1) active site waters in MDc1, and the four active site waters in the 

WPDclosed crystal structure. As seen in the figure, 34049MDc1, 34465MDc1 and 38042MDc1 are 

very close to W2, W3 and W4, respectively (see also Figure 4.32). Figure 4.42B shows the 
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potential hydrogen bonds of the active site waters in MDc1 with the surrounding active site 

residues. 

 

Repeating the analysis performed for MDc1 to the other WPDclosed MD simulations, 

one obtains the position of the most stable waters (see Figure 4.30). Figure 4.42A shows 

the four most stable active site waters in MDc2: As shown in Figure 4.30B, 16448MDc2 

and7268MDc2, are the most stable waters, remotely followed by 31979MDc2 and 7268MDc2 in 

MDc2. Visual inspection of MDc2 shows that 16448MDc2, at the beginning of the 

simulation, enters the active site from the exterior region of the protein, and goes deeper 

down in the active site than the other water molecules do, and stays at this position for the 

rest of the simulation (Figure 4.42A). This position is occupied by a water molecule 

(named Wo2) in the WPDopen crystal structure. At this position, 7268MDc2 interacts with 

sidechain of Gln266, backbone of Pro180, Phe182 and Gly183 (Figure 4.42B). The 

position of 21125MDc2 is between the positions of W4 in WPDclosed crystal structure and 

that of another water molecule (named Wo1) in the WPDopen crystal structure (Figure 

4.42A), with time average distances of 1.5 and 2.3 Å, respectively. 7268MDc2 (and later 

29123MDc2) occupies the position of W3 in the WPDclosed crystal structure, similar to 38465 

in MDc1, but with a lower stability (see Figure 4.30). The position of WPDclosed crystal 

structure water W1, whose position was not occupied by any of the waters in MDc1, is 

occupied by 31244MDc2, and 31979MDc2 with ~20% and ~40% of the simulation period, 

respectively (see Figure 4.30B).  

 

Figure 4.43A shows the superposition of the two most stable active site waters in 

MDc3, 34975MDc3 and 38461MDc3, whose positions are occupied by 27655MDc4 and 

18910MDc4 in MDc4, and the four active site waters in WPDclosed crystal structure.   These 

two water molecules in MDc3 and MDc4 occupy the position of WPDclosed crystal 

structure waters W2 and W4, respectively. There is no water at the position of W3, because 

of the steric hindrance of the sidechain of Asp181, making a salt bridge with Arg221. 

Similar to that seen in MDc1, the position of W1 is not occupied with any waters due to 

the steric hindrance of Ile219.  
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Figure 4.41. Representative conformation of the active site residues and waters at 30 ns in 

MDc1. (A) The three most stable active site waters in MDc1 (red) and the four active site 

waters in WPDclosed crystal structure (blue) (B) Potential hydrogen bonds. 
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Figure 4.42. Representative conformation of the active site residues and waters at 30 ns in 

MDc2. (A) The four most stable  waters in MDc2 (red); W1 and W3 in WPDclosed structure 

(blue)  and  the two waters in WPDopen structure (purple) (B) Potential hydrogen bonds. 
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Figure 4.43. Representative conformation of the active site residues and waters at 33 ns in 

MDc3. (A) The two most stable waters in MDc3 (red) and the four waters in WPDclosed 

crystal structure (blue) (B) Potential hydrogen bonds of the active site waters in MDc3. 
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These results show that Asp181 on the WPD loop, Cys215, and Arg221 on the P-

loop, and Gln262 on the Q-loop do not make direct polar interactions, but three active site 

waters may help these residues communicate with each other in the protonated state of 

Asp181 (MDc1), and these interactions may be important in stabilizing the WPDclosed 

conformation. When the active site water positions in the crystal structure are perturbed 

(MDc2), WPD loop adopts an intermediate conformation, which is close to R-loop, and 

Asp181 makes polar contact with Glu115. In this intermediate conformation, the 

communication of Asp181 with the rest of the active site residues via water molecules is 

disrupted, a large number of water molecules enter and leave the active site for the WPD 

loop has opened up. Furthermore, a highly stable water molecule resides close to the WPD 

loop and deeper in the active site, interacting with Pro180 and Gly183 on the WPD loop, 

and Gln266 on the Q-loop, and the position of this water molecule is close to the position 

of a water in WPDopen conformation. This observation suggests that active site waters may 

be important not only in stabilizing the WPDclosed conformation, but also the dynamics of 

the WPD loop fluctuations. When Asp181 is negatively charged, the effect of initial water 

positions is negligible (MDc3 and MDc4), and WPD loop adopts an alternative 

conformation, in which Asp181 makes salt bridges with Arg221. In this conformation, 

there are two stable active site waters, but the communication of Gln262 with the other 

active site residues has been disrupted. 

 

4.3. PTP1B in the Liganded WPDclosed State 

 

12 different MD simulations of liganded PTP1B in WPDclosed conformation were 

performed (Table 4.5). In all of these simulations, the same crystal structure (PDB ID: 

1PTU) was used as the initial structure. Ligand is a substrate of PTP1B, a phosphopeptide 

consisting of DADEpYL. Five different factors are examined in the simulations: the 

protonation state of the catalytically essential residue Asp181 on the WPD loop, initial 

positioning of the active site waters, and the protonation state and initial conformation of 

the catalytically essential residue Cys215 on the P- loop, and the state of C-terminus of the 

ligand. Since some factors (such as protonation state of Cys215 and Asp181) dominate 

other factors, a factorial design spanning all possible combinations are not used. 
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Table 4.5. List of the MD simulations PTP1B in liganded state 

Name 

Initial 

Structure 

(PDB ID) 

Ionic State 

of Asp181

Ionic State 

of Cys215 

Positioning 

of Waters 

Initial 

Thiol/Thiolate 

Conformation 

of Cys 215 

 

State of  

C-Terminus 

of ligand 

Length  

(ns) 

MDl1 1PTU Neutral Neutral 
Crystal 

structure 

Crystal 

structure 

Negatively 

Charged 
10 

MDl1c
(a) 1PTU Neutral Neutral 

Crystal 

structure 

Alternative 

Conformation 

Negatively 

Charged 
10 

MDl2 1PTU Neutral Neutral 
Crystal 

structure 

Crystal 

structure 
Amidated 10 

MDl2c 1PTU Neutral Neutral 
Crystal 

structure 

Alternative 

Conformation 
Amidated 10 

MDl3 1PTU Neutral 
Negatively 

Charged 

Crystal 

structure 

Crystal 

structure 
Amidated 10 

MDl3c1 1PTU Neutral 
Negatively 

Charged 

Crystal 

structure 

Alternative 

Conformation 
Amidated 10 

MDl3c2 1PTU Neutral 
Negatively 

Charged 

Crystal 

structure 

Alternative 

Conformation 
Amidated 10 

MDl4 1PTU Neutral Neutral 
Randomly 

distributed 

Crystal 

structure 
Amidated 10 

MDl4c 1PTU Neutral Neutral 
Randomly 

distributed 

Alternative 

Conformation 
Amidated 10 

MDl4- 1PTU Neutral 
Negatively 

Charged 

Randomly 

distributed 

Crystal 

structure 
Amidated 10 

MDl5 1PTU 
Negatively 

Charged 
Neutral 

Crystal 

structure 

Alternative 

Conformation 
Amidated 10 

MDl5- 1PTU 
Negatively 

Charged 

Negatively 

Charged 

Crystal 

structure 

Alternative 

Conformation 
Amidated 10 

a: Subscript “c” denotes the MD simulations with alternative initial conformation of Cys215 sidechain. 

 

4.3.1. MD Simulations with Asp181 and Cys215 both in Protonated States and 

Initialized with Crystal Waters  

 

In this part, Asp181 and Cys215 are in protonated states, and crystal waters within 4 

Å of the protein surface are kept in MDl1, MDl1c, MDl2 and MDl2c. C-terminus is amidated 

in MDl1 and MDl1c whereas it is negatively charged in MDl2 and MDl2c. Another factor of 
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Table 4.7. Average RMSD between 4 – 10 ns of WPD loop to WPDclosed and WPDopen for 

MD1,1c,2,2c 

 MDl1 MDl1c MDl2 MDl2c 

WPD loop to WPDclosed (Å) 0.98 1.01 1.06 0.94 

WPD loop to WPDopen (Å) 2.95 2.88 2.97 3.03 
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Figure 4.44. RMSD of WPD loop conformation in MD simulations to that in (A-B) 

WPDclosed (C-D) WPDopen: (A,C) MDl1 (black) and MDl1c (red), (B,D) MDl2 (black) and 

MDl2c (red). 

 

Table 4.8. Average RMSD between 4 – 10 ns of pTyr Ring and pTyr PO4 

 MDl1 MDl1c MDl2 MDl2c 

pTyr Ring(Å) 1.02 0.94 0.84 1.10 

pTyr PO4 (Å) 0.69 0.52 0.56 0.66 
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Figure 4.45. RMSD of (A-B) pTyr405 ring and (C-D)  pTyr405 PO4: (A,C) MDl1 (black) 

and MDl1c (red), (B,D) MDl2 (black) and MDl2c (red). 

 

During MDl2 simulation, it is observed that sidechain of Cys215 adopts an 

alternative conformation after 2 ns (Figure 4.46B). The distance between Cys215 S and 

pTyr405 P atoms is ~3.6 Å in the crystal structure. When Cys215 thiol points toward the 

opposite direction to pTyr phosphate, this distance increases to ~4.5 Å. To see the effect of 

Cys215 sidechain conformation, additional simulations (MDl1c and MDl2c) are initialized 

with Cys215 sidechain in the alternative conformation. In summary, sidechain of Cys215 

in MDl1 and MDl2 has initially the same conformation as in the crystal conformation 

whereas it has initially alternative conformation in MDl1c and MDl2c. During the 

simulations, the Cys215 sidechain in MDl1 maintains the crystal structure conformation 

(Figure 4.46A). It should be noted that the Cys215 sidechain in MDl2c adopts the crystal 

structure conformation, though it is initiated from the alternative conformation (Figure 

4.46B), and that in MDl1 adopts the alternative conformation, though initiated from the 

crystal structure conformation. These observations show that Cys215 sidechain may 

A B

C D
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sample in two different conformations: the crystal conformation and an alternative 

conformation, where Cys215 thiol points away from the phosphate of the ligand. 
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Figure 4.46. Distance between Cys215 sidechain sulfur and pTyr405 phosphate: (A) MDl1 

(black) and MDl1c (red), (B) MDl2 (black) and MDl2c (red). 

 

Cys215 thiol, the pTyr phosphorus and the phenolic oxygen should be approximately 

co-linear so that the Cys215 would be ideally positioned for nucleophilic reaction with the 

substrate phosphorus [74]. Figure 4.47 shows that this angle is close to 180o (co-linear) in 

all simulations, similar to that in the crystal structure. 

 

Figure 4.48 shows the different conformation of the Cys215 sidechain from MD 

simulations. One sees that the active site and WPD loop conformations, and the positions 

of Cys215 and Asp181 and pTyr are very close in MD simulations and the crystal 

structure. These results show that the crystal structure of the pTyr+PTP1B complex can be 

maintained when Asp181 and Cys215 are in protonated states, and with the crystal 

structure waters. The initial orientation of Cys215 does not affect the active site 

A 
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configuration and it is argued, in the following sections, that if any of these conditions are 

changed, there would be significant changes in the protein-ligand conformations. 
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Figure 4.47. Angle between Cys215 thiol, pTyr405 phosphate and phenyl oxygen: (A) 

MDl1 (black) and MDl1c (red), (B) MDl2 (black) and MDl2c (red). 

 

As a result, the examinations on the state of C-terminus of ligand show that 

amidation state of the ligand does not have a significant effect on the active site 

conformation of PTP1B, and the pTyr conformation. For this reason, the rest of the 

simulations are performed only with amidated ligand. 

 

4.3.2. MD Simulations with Asp181 Protonated, Cys215 Negatively Charged and 

Initialized with Crystal Waters  

 

In MDl3, MDl3c1 and MDl3c2 simulations, Asp181 is in the protonated state, Cys215 

is in the thiolate form and crystal waters within 4 Å of the protein surface are maintained. 

Therefore, the only difference to the simulations in the previous section is the removal of 

one hydrogen atom from the sulfur of Cys215. The initial Cys215 sidechain conformation 

B 

A 
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Table 4.11. The average backbone dihedral angles of Trp179 in MD simulations 

 Cys215 Thiol Cys215 Thiolate 

 MDl1 MDl1c MDl2 MDl2c MDl3 MDl3c1 MDl3c2 

φ179 (˚) -137.3 -117.7 -112.9 -108.1 -88.7 -72.9 -105.0 

 

Figure 4.51 represents the RMSD values of pTyr405 ring and PO4. As stated before, 

RMSD values of the ring and PO4 in the time averaged structure MDl1,1c,2,2c from the 

crystal structure are 1.0 Å, and 0.6 Å, respectively (Table 4.3). However, RMSD of the 

ring and the PO4 increase to above ~2 Å in MDl3 and MDl3c2, and the pTyr moves away 

from the active site. On the other hand, in MDl3c1, as WPD is opened, pTyr maintains its 

position in the crystal structure (Figure 4.51A,B). pTyr405 does not only move away from 

the active site in MDl3 and MDl3c2, but also the sidechain dihedral angle CE2-CZ-OH-P1 

in pTy405 decreases from 60˚ to -30˚ (Figure C.3), showing that the pTyr conformation is 

also distorted. 
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Figure 4.51. (A) RMSD of the pTyr405 ring and (B) pTyr405 PO4: MDl3 (black), MDl3c1 

(red) and MDl3c2 (blue). 
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Distance between Trp182 CZ atom and pTyr405 CG atom is plotted in Figure 4.52. 

The distance varies around ~4 Å in MDl1,1c,2,2c while it increase more than 5 Å in 

MDl3,3c1,3c2. This shows that the hydrophobic interactions between Trp182 and pTyr405 

phenyl rings are reduced in the thiolate state, while they are maintained in the thiol state of 

Cys215. In addition polar interaction between Asp181 hydroxide oxygen and pTyr405 

phenyl oxygen is lost in the thiolate form in MDl3,3c1,3c2 as shown in the plot of the distance 

between them (Figure 4.53). Sidechain conformation of Asp181 is also maintained only in 

MDl1,1c and MDl2,2c simulations (Figure C4).These results show that protonation state of 

Cys215 affects the Trp182-pTyr405 and Asp181-pTyr405 interaction. 

 

One may ask the question why there is a drastic difference in the WPD loop and 

pTyr conformations in MDl3c1 and MDl3c2, though they are initialized from identical 

conformations. The answer lies in the Cys215 sidechain conformation stabilized during the 

simulations. Thiolate maintains its crystal structure conformation (pointing toward the 

PO4) in MDl3, and pTyr is significantly displaced from the active site pocket, the WPD 

loop opens slightly and most of the polar and hydrophobic interactions between the WPD 

loop and pTyr are lost (Figure 4.54A). Although Cys215 initial sidechain conformation is 

different from that in MDl3, thiolate rotates and points toward the PO4 at the very 

beginning of the simulation, and WPD loop and pTyr conformations sampled in MDl3c2 are 

very similar to those in MDl3 (Figure 4.54A). On the other hand, the thiolate maintains its 

initial alternative conformation (pointing in the direction of opposite PO4) in MDl3c1, while 

pTyr maintains its crystal structure position and interactions with the P-loop, and WPD 

loop is opened (Figure 4.54B). These results can be summarized as i) crystal structure 

conformation of pTyr+PTP1B with closed WPD loop cannot be realized when the Cys215 

sidechain is in thiolate state, and conformation of pTyr is remarkably distorted if Cys215 

points toward the PO4, and ii) pTyr maintains its position if thiolate points away from PO4, 

but in this case WPD loop is almost fully opened. One may suggest that if Cys215 

sidechain is to point toward PO4, then Cys215 should be protonated for preventing the 

unfavorable negative charged interactions between the negatively charged thiolate and 

PO4. Otherwise these unfavorable polar interactions are likely to cause the PO4 move away 

from the active site. However, if the Cys215 thiolate sidechain points toward the opposite 

direction, these unfavorable interactions do not occur, pTyr remains in the active site 

pocket, but WPD loop is opened. Comparing these results with those obtained with Cys215 
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thiol state (MDl1,1c and MDl2,2c), where the alternative conformation of Cys215 is visited 

during almost half of the simulation periods with no observation of WPD loop opening, 

one may argue that protonation state of Cys215 may also be important in WPD loop 

conformation and dynamics. It may be speculated that the substrate may enter the active 

site with Cys215 in thiolate form in the alternative conformation with the WPD loop in the 

open conformation (the stable conformation in MDl3c1), and the thiolate of Cys215 may 

obtain a proton from water, rotating toward the PO4 ion, followed by the WPD loop 

closing (the stable conformation in MDl1,1c and MDl2,2c). 

 

4.3.3. Analysis of MD Simulations with Asp181 in Protonated State and Initialized 

with Random Waters  

 

In this part, effect of crystal structure waters on the different liganded PTP1B 

conformation is examined. Three MD simulations are analyzed, namely; MDl4, MDl4c and 

MDl4-. Cys215 is protonated in MDl4 and MDl4c, whereas it is in thiol form in MDl4-. 

Cys215 conformation in MDl4 and MDl4- is initialized from the crystal structure 

conformation, but it is initially in the alternative conformation in MDl4c. The difference of 

MDl4,4c,4- from the previous MD simulations is that simulations are initialized from random 

waters (with no water at the active site) instead crystal structure waters. The protein and 

the ligand reach the equilibrium with RMSD values of ~1-1.3 Å and 3-5 Å in the 

simulations, respectively (Figure C5). 

 

RMSD of WPD loop to WPDclosed and WPDopen conformations are shown in Figure 

4.55. The RMSD to WPDclosed varies between 1.2-1.5 Å (slightly above those of MDl1 and 

MDl2), while the RMSD values to WPDopen fluctuate at ~3 Å, showing that WPD loop 

moves slightly away from WPDclosed conformation, but doesn’t approach the WPDopen 

conformation. 

 

Figure 4.56 shows the RMSD values of pTyr405 PO4. The RMSD is ~1 Å in MDl4 

and MDl4c, and it increases to ~2.5 Å in MDl4-, indicating that the negative charge on 

Cys215 dominates the conformation adopted by the ligand. The pTyr405 in MDl4 and 

MDl4c stays close to the conformation in the crystal structure, whereas it does not maintain 

its position in the MDl4-. 



75 
 

 

0 2 4 6 8 10
3

5

7

9

11

13

Time (ns)

P
he

18
2C

Z 
- p

Ty
r4

05
C

G
 (Å

)

 

 
MDl1
MDl1c
MDl2
MDl2c

0 2 4 6 8 10
3

5

7

9

11

13

Time (ns)
P

he
18

2C
Z 

- p
Ty

r4
05

C
G

 (Å
)

 

 MDl3
MDl3c1
MDl3c2

 

Figure 4.52. Distance between the Phe182 CZ atom and pTyr405 CG atom: (A) MDl1 

(black), MDl1c (red), MDl2 (blue) and MDl2c (yellow), (B) MDl3 (black), MDl3c (red) and 

MDl3c1 (blue). 
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Figure 4.53. Distance between Asp181 hydroxide oxygen (OD2) and pTyr405 phenyl 

oxygen (P1): (A) MDl1 (black), MDl1c (red), MDl2 (blue) and MDl2c (yellow), (B) MDl3 

(black), MDl3c (red) and MDl3c1 (blue). 

A B

A B



76 
 

Figure 4.54. Representative conformation of the active site at 10ns: (A) MDl3 and MDl3c2, 

(B) MDl3c1. The crystal structure is shown as transparent.   
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Initially, there is a water molecule (corresponding to the position of W4 in Figure 

4.26B) in the active site of the crystal structure. This water molecule maintains its position 

in MDl1,1c and MDl2,2c during the whole simulation period forming hydrogen bonds with 

Asp181 hydroxide oxygen, pTyr405 phenyl oxygen and Gln266 sidechain nitrogen (Figure 

4.57A). However, water does not occupy this position in MDl4,4c,4- simulations, so Asp181 

non-hydroxide oxygen atom moves closer to this position. A water molecule at this 

position would sterically hinder this new conformation of Asp181 (Figure 4.57B). This 

new positioning of Asp181 makes the polar interactions between Asp181 and phenyl 

oxygen of pTyr unfavorable (figure is not shown).  Therefore, the effect of active site 

water may be to maintain the network of interactions between Asp181, phenyl oxygen of 

pTyr, and Glu266, and absence of this water molecule disrupts these polar interactions and 

slightly dislocates PO4 from the active site pocket. Correct positioning of the PO4 and 

Asp181 is essential for the catalytic reaction, thus the absence of the catalytic water is 

likely to affect the catalysis in a negative way.  
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Figure 4.55. RMSD of WPD loop conformation in MD simulations to that in (A) WPDclosed 

(B) WPDopen: MDl4 (black), MDl4c (red) and MDl4- (blue). 
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Figure 4.57. Representative conformation of the active site at 10 ns: (A) MDl1, 1c, 2, 2c; (B) 

MDl4 and MDl4c; the crystal structure (transparent) Wc (VDW transparent sphere) and Ws 

represent the water molecule in the crystal structure and the simulations, respectively.  
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Although the conformation of WPD loop in both simulations is similar, positioning 

of the pTyr ring and PO4 are drastically different. When sidechain of Cys215 is a thiol 

resides in the alternative conformation, PO4 maintains its polar interactions with the P-

loop, but WPD loop is opened slightly. When Cys215 sidechain is thiolate, thiolate points 

toward PO4, PO4 moves away from the P-loop (Figure 4.61), and WPD loop is opened to 

an intermediate conformation. This result is similar to that found for neutral Asp181 and 

negatively charged Cys215, confirming the tendency of the WPD loop to open when 

Cys215 is in thiolate form. Representative conformations from the simulations are shown 

in Figure 4.62. These results show the conformation of the Michaelis complex in the 

crystal structure cannot be maintained, and WPD loop tends to open when Asp181 is 

negatively charged. 
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Figure 4.58. RMSD of WPD loop conformation in MD simulations to that in (A) WPDclosed 

(B) WPDopen conformations: MDl5 (black) and MDl5- (red). 
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Figure 4.61. (A) RMSD of the pTyr405 ring and (B) pTyr405 PO4: MDl5 (black) and 

MDl5- (red). 

 

Figure 4.62. Representative conformation at 10 ns of the active site: (A) MDl5, (B) MDl5- 

The crystal structure is shown as transparent.   

Asp181 

pTyr405

Cys215

WPD 

P-Loop 

A 

Asp181 

pTyr405 

Cys215

WPD 

P-Loop

B





85 
 

form. In the WPDopen state, only the effect different protonation states of Asp181 are 

examined, since the wide opening of the active site will make it less likely for the initial 

water positions to be affective on WPD loop conformation. In the WPDclosed (still 

unliganded) state, effects of both the protonation state of Asp181 and active site waters are 

examined. These simulations are extended to 40 ns and repeated, both to examine the 

overall conformations and dynamics of PTP1B, and to check for the stability and 

repeatability of the simulations. .  

 

In the WPDopen unliganded state, protonation state of Asp181 does not have a 

significant effect on the conformation or dynamics of the catalytically important loop 

regions in the vicinity of Asp181, but it may be important in regulating the polar 

interactions between WPD loop and R-loop. When Asp181 is protonated, Arg112 

sidechain on the R-loop tends to make polar interactions with Trp179 and Pro180 

backbone atoms. When Asp181 is negatively charged, it makes bidentate salt bridges with 

Arg112. Targeted MD simulations (results not shown) show that these interactions may be 

important during the closing of the WPD loop. 

 

Different protonation states of Asp181 and initial positioning of the waters in the 

active site are examined in the MD simulations of the unliganded WPDclosed conformations. 

Alhough the protonation state of Asp181 and the hydration of the protein does not seem to 

have a significant effect on the overall conformation of PTP1B, WPD loop adopts different 

conformations for different states. The WPDclosed crystal structure conformation is 

maintained only with a neutral Asp181 and with the initial correct positioning of water 

molecules. Asp181 does not make any direct hydrogen bonds with any other residues on 

PTP1B, expect occasional bonds with Gln262. Stable water molecules in the active site, 

which occupy three of the four crystal structure water positions, link Asp181, Cys215 and 

Gln262 residues. On the other hand, it is rather surprising that the position occupied by 

W1, the water molecule with the lowest B-factor in the crystal structure, is not occupied by 

any water molecules during the simulation, but sterically hindered by the sidechain of 

Ile219.  

 

When Asp181 is protonated, but active site waters are missing in the WPDclosed 

unliganded state, WPD loop moves to an intermediate conformation between the WPDclosed 
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and WPDopen crystal structures, and the hydroxide atom of Asp181 makes hydrogen bonds 

with the sidechain of Glu115. A large number of waters enter and leave the active site, 

disrupting the communication between Asp181, Cys215 and Gln262. One of the most 

stable water molecules in the simulation reside very close to the position of a water 

molecule (also present in the WPDopen crystal structure) buried into the active site near the 

WPD loop, and another water molecule in the simulation resides in a position close to both 

water molecules in the WPDclosed and WPDopen crystal structures. This shows that removal 

of the active site waters may be one of the important initial steps in WPD opening by i) 

disrupting the interactions between WPD loop, P- and Q-loop via stable water molecules, 

and ii) inserting additional water molecules in the active site pocket to sterically hinder the 

closing of the WPD loop. 

 

Ionization of Asp181 with a negative charge brings the WPD loop closer to the 

active site to an alternative conformation, in which Asp181 makes stable salt bridges with 

Arg221, and hydration does not seem to affect this conformation. In this case, only two of 

the active site waters occupy positions of those in the crystal structure. Since this WPD 

loop conformation is not observed experimentally, and experimental and computational 

studies predict Asp181 to be protonated in the apo state of PTP1B, one may suggest that 

Asp181 cannot be negatively charged in unliganded WPDclosed conformation.   

 

Five different factors are examined in the MD simulations of the liganded WPDclosed 

conformations: the protonation state of the catalytically essential residue Asp181 on the 

WPD loop, initial positioning of the active site waters, and the protonation state and initial 

conformation of the catalytically essential residue Cys215 on the P- loop, and the state of 

C-terminus of the ligand. Crystal structure conformations of the Michaelis complex are 

maintained only in the MD simulations with the protonated Asp181, protonated Cys215, 

and initialized with the single crystal structure water at the active site. Amidation, though 

stabilizes the whole peptide, does not have a significant effect on the active site and pTyr 

conformations, and the interactions between them. The polar interactions between the pTyr 

ion and the nitrogens on the P-loop, Asp181-phenyl oxygen of pTyr- -active site water, and 

hydrophobic interactions between the phenyl rings of pTyr and Phe182 are all maintained 

during all the 10 ns simulations in these states. On the other hand, Cys215 thiol is found to 

be in two conformations: the higher occupied conformation is the one in the crystal 
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structure with the angle between the Cys215 thiol, the phosphate and pTyr phenyl oxygen 

close to co-linear for the optimal attack position of Cys215, while there is also an 

alternative conformation, in which thiol points towards the opposite direction to PO4.  

 

Conformations of Michaelis complexes obtained by MD simulations with the 

protonated Asp181, deprotonated Cys215 and initialized with the active site crystal water 

do not conform to that in the crystal structure. These results bring doubt on the 

controversial assumption that Cys215 should be in thiolate form in the Michaelis complex. 

As pointed out earlier, the negative charge of Cys and double negative charges of PO4 

would make it unlikely for a complex to be formed, and these simulations confirm this 

expectation. Nevertheless, two drastically different conformations of the same Michaelis 

complex are obtained. In the first conformation, Cys215 thiolate is stabilized in the crystal 

structure conformation, pointing toward PO4, but PO4 and pTyr ring significantly moves 

away from the active site to the WPD loop. Furthermore, WPD loop is slightly opened, 

crystal structure water moves away, and the polar and hydrophobic interactions between 

the Asp181, Phe182, Gln266 and pTyr are lost. The second conformation is quite 

unexpected, not only because Cys215 thiolate is stabilized in a conformation pointing 

toward the opposite direction of PO4, but also pTyr remains in the active site pocket, and 

WPD loop is opened. Actually, the only step that does not take place for the full opening of 

the loop is the backbone dihedral angle rotation between Asp181 and Phe182. Recalling 

that the same Cys215 sidechain and pTyr conformations are maintained during some 

periods of simulations with the protonated Cys215, one may conclude that the charge on 

Cys215 affects WPD loop conformation, i.e. WPD loop tends to adopt an open 

conformation when Cys215 negatively charged.  

 

Based on the set of unliganded and liganded simulations analyzed here with Cys215 

sidechain as a thiol or thiolate, one may speculate on the following scenario of ligand 

binding and WPD loop closing. In the unliganded state, Cys215 is negatively charged, as 

suggested by experimental and computational studies. As pTyr binds to the active site 

pocket, Cys215 thiolate sidechain changes its conformation with the WPD loop still in the 

open conformation. Then Cys215 is protonated by a water molecule, and this both removes 

the unfavorable polar attractions between Cys215 and pTyr, rotating the thiol sidechain 

toward the pTyr, and closes WPD loop on the active site. 
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The function of active site water seems to fine-tune the position of pTyr. In the 

absence of the active site water (corresponding to W4 in the unliganded simulations), 

Asp181 moves toward the position preoccupied by the water, pTyr is slightly displaced and 

the interactions between Asp181, Gln266, pTyr and active site water are disrupted.  

 

Deprotonating the Asp181 tends to open the WPD loop. When Cys215 is protonated, 

pTyr is close to its crystal structure conformation, but WPD loop still moves away from the 

closed conformation. This is to be expected since the negative charges on PO4 and Asp181 

repel each other. Repeating the same simulation with negatively charged Cys215 displaces 

the pTyr, and WPD loop is moved toward the open conformation even more. This is also to 

be expected due to the unfavorable interactions between thiolate-PO4 and PO4-Asp181. In 

summary, these simulations show that Asp181 should be protonated so as to obtain the 

crystal structure conformation of the Michaelis complex.  

 

5.2. Recommendations 

 

Three out of four crystal waters are maintained in WPDclosed unliganded PTP1B 

simulations. Water named W1, which is found to have the smallest B-factor in the X-ray 

structure, is displaced possibly due to the steric hindrance of Ile219. Additional simulations 

are required to test whether this may be related with stochastic nature of the simulations, 

i.e. repeating the simulation with identical conditions (but with different initial velocities) 

would show that W1 is maintained, or related with the protonation state of Cys215, i.e. 

repeating the simulation with a protonanted Cys215 would show that W1 is maintained in 

its position. 

 

In liganded MD simulations, Cys215 thiol has been found to adopt two 

conformations: the one in the crystal structure and an alternative one. Longer simulations 

at different conditions are required to elucidate the stability of these two conformations. 

 

WPD loop is found to be stabilized in a number of intermediate conformations 

during different simulation conditions. It would be interesting to compare these 

intermediate conformations to those obtained from Targeted MD (TMD) simulations, and 

see whether these conformations are actually visited during conformational transitions. 
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Figure A.2. Mean Square Fluctuations (MSF): MDc3 (black) and MDc4 (red). 
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APPENDIX B: VMD COMMANDS FOR THE SELECTION OF 

ACTIVE SITE WATERS 
 

 

In order to find the water in the active site for MDc1,3,4, the following VMD 

command is used: “(((same residue as water within 3.2 of (resid 181 and name OD1 OD2)) 

and  (same residue as water within 3.2 of (resid 221 and nitrogen and sidechain)) and 

(same residue as water within 9 of (resid 222 and name N))) or ((same residue as water 

within 3.5 of (resid 221 and nitrogen and sidechain)) and (same residue as water within 3.5 

of (resid 215 and sulfur))) or ((same residue as water within 3.5 of (resid 221 and nitrogen 

and sidechain)) and (same residue as water within 3.5 of (resid 262 and sidechain and 

(oxygen or nitrogen)))) or ((same residue as water within 3.6 of (resid 215 and sulfur)) and 

(same residue as water within 3.6 of (resid 262 and sidechain and (oxygen or nitrogen)))) 

or ((same residue as water within 4.5 of (resid 182 and name N)) and (same residue as 

water within 3.3 of (resid 262 and sidechain and (oxygen or nitrogen)))) or ((same residue 

as water within 4 of (resid 221 and name N)) and (same residue as water within 4 of (resid 

262 and sidechain and (oxygen or nitrogen)))) or ((same residue as water within 3.2 of 

(resid 181 and name OD1 OD2)) and  (same residue as water within 3.2 of (resid 215 and 

sulfur)) and (same residue as water within 8 of (resid 222 and name N))) or (same residue 

as water within 3.4 of (resid 215 and sulfur))) and noh” 

 

In addition, the following VMD command is used for MDc2 (difference is due to the 

larger opening of the WPD loop in MDc2): “(((same residue as water within 6 of (resid 181 

and name OD1 OD2)) and (same residue as water within 6 of (resid 221 and nitrogen and 

sidechain)) and (same residue as water within 8.5 of (resid 222 and name N))) or ((same 

residue as water within 3.5 of (resid 221 and nitrogen and sidechain)) and (same residue as 

water within 3.5 of (resid 215 and sulfur))) or ((same residue as water within 3.5 of (resid 

221 and nitrogen and sidechain)) and (same residue as water within 3.5 of (resid 262 and 

sidechain and (oxygen or nitrogen)))) or ((same residue as water within 3.6 of (resid 215 

and sulfur)) and (same residue as water within 3.6 of (resid 262 and sidechain and (oxygen 

or nitrogen)))) or ((same residue as water within 4.5 of (resid 182 and name N)) and (same 

residue as water within 3.3 of (resid 262 and sidechain and (oxygen or nitrogen)))) or 

((same residue as water within 4 of (resid 221 and name N)) and (same residue as water 
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within 4 of (resid 262 and sidechain and (oxygen or nitrogen)))) or ((same residue as water 

within 3.2 of (resid 181 and name OD1 OD2)) and (same residue as water within 3.2 of 

(resid 215 and sulfur)) and (same residue as water within 8 of (resid 222 and name N))) or 

(same residue as water within 3.4 of (resid 215 and sulfur)) or ((same residue as water 

within 6 of (resid 181 and name OD1 OD2)) and (same residue as water within 6 of (resid 

262 and sidechain and (oxygen or nitrogen))) and (same residue as water within 8.2 of 

(resid 221 and name N)))) and noh" 
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APPENDIX C: ADDITIONAL ANALYSES FOR LIGANDED 

WPDCLOSED SIMULATIONS 
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Figure C.1. RMSD of (A-B) the protein and (C-D) the ligand: (A,C) MDl1 (black) and 

MDl1c (red), (B,D) MDl2 (black) and MDl2c (red). 
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Figure C.2. RMSD of (A) the protein and (B) the ligand: MDl3 (black), MDl3c1 (red) and 

MDl3c2 (blue). 
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Figure C3. Sidechain dihedral angle of CE2-CZ-OH-P1 in pTy405: (A) MDl1 (black), 

MDl1c (red), MDl2 (blue) and MDl2c (yellow), (B) MDl3 (black), MDl3c (red) and MDl3c1 

(blue). 
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Figure C4. Asp181 χ1 dihedral angle: (A) MDl1 (black), MDl1c (red), MDl2 (blue) and 

MDl2c (yellow), (B) MDl3 (black), MDl3c (red) and MDl3c1 (blue). 
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Figure C5. RMSD of (A) the protein and (B) the ligand: MDl4 (black), MDl4c (red) and 

MDl4c- (blue). 
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Figure C6. RMSD of (A) the protein and (B) the ligand: MDl5 (black) and MDl5- (red). 
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APPENDIX D: SCRIPTS USED IN THE THESIS 
 

Some scripts are used for analysis of trajectories in the thesis. They are in 

“thesis/scripts/” directory of supplementary CD. How they are used is explained below.  In 

order for executing a script in VMD, firstly it should be called by writing “source 

script.tcl” command in VMD TkConsole.  In addition, to run a script in VMD for 

trajectory analysis, trajectory of simulation should be loaded to VMD.  

 

D.1. Distance Measurement 

 

Distance in each frame between two specified atoms is found by a script named 

“measure_bond.tcl” in VMD. After calling the script, “measure_distance resid1 

atomname1 resid2 atomname2 molid outputfile” command should be written in VMD 

TkConsole. Eventually an output file which includes the distance in each frame is created.   

 

D.2. Angle Measurement between Three Atoms 

 

Angle in each frame spanned by three specified atoms is found by a script named 

“measure_angle.tcl” in VMD. To execute the script, “measure_angle resid1 atomname1 

resid2 atomname2 resid3 atomname3 molid outputfile” command should be written in the 

console.  

 

D.3. Dihedral Angle Measurement  

 

Dihedral Angle in each frame defined by four specified atoms is found by a script 

named “measure_dihed.tcl” in VMD. “resid1 atomname1 resid2 atomname2 resid3 

atomname3 resid4 atomname4 molid outputfile” command should be written in the 

console. 
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electrostatic and nonbonded energies in each frame between WPD loop (176-187) and R-

loop (110-120), this command should be written:  

 

namd_energy -sel1 “protein resid 176 to 187” -sel2 “protein resid 110 to 120” -

outputfile output_file 

 

First, second and third columns in the output file indicate van der Waals, electrostatic 

and non-bonded energy, respectively.  

 

D.7. Hydrogen Bond Measurement 

 

“hbond_bw_two_sel.tcl” script finds the hydrogen bond between two specified 

regions for each frame. For example, to find the hydrogen bonds between WPD loop and R 

loop at cutoff distance value of 3.5 Å and angle value of 30˚, this command should be 

written in VMD TkConsole: 

 

hbond_bw_two_sel -molid top -sel1 “protein resid 176 to 187” -sel2 “protein resid 

110 to 120” -cutoff 3.5 -angle 30 -outputfile output_file 

 

D.8. Solvent Accessible Surface Area Measurement 

 

Solvent Accessible Surface Area (SASA) of a specific part of protein in each frame 

is found by a script named “measure_sasa.tcl”. For example, to find SASA of WPD loop at 

solvent radius of 1.4 Å, this command should be written:  

 

measure_sasa " protein resid 176 to 187 " top 1.4 output_file 

 

D.9. Water Counting  

 

“water_in_active_site.tcl” scripts help to find the number of water molecules in the 

active site, index numbers and coordinates of water molecules for each frame. Following 

command should be written in the TkConsole: 

 



100 
 

water_in_active_site -molid top -sel default -outputfile output_file 
 

Eventually, output files with “.num”, “.ind” and “.coor” extensions, which includes 

total number, index number and coordinates of water molecules, will be created.   

 

D.10. Probability Distribution  

 

Probability density functions are computed using Kernel smoothing density estimate 

method in MatlabTM. To find and plot probability density function of a data, the following 

commands should be written in Matlab workspace.  

 
[f,xi] = ksdensity(data);  plot(f,xi); 
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