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Abstract

The phosphatase and tensin homolog deleted on chromosome ten (PTEN) gene encodes a tumor 
suppressor phosphatase that has recently been found to be frequently mutated in patients with 
endometriosis, endometrial cancer and ovarian cancer. Here, we present the first computational 
analysis of 13 somatic missense PTEN mutations associated with these phenotypes. We found that 
a majority of the mutations are associated in conserved positions within the active site and are 
clustered within the signature motif, which contain residues that play a crucial role in loop 
conformation and are essential for catalysis. In silico analyses were utilized to identify the putative 
effects of these mutations. In addition, coarse-grained models of both wild-type (WT) PTEN and 
mutants were constructed using elastic network models to explore the interplay of the structural 
and global dynamic effects that the mutations have on the relationship between genotype and 
phenotype. The effects of the mutations reveal that the local structure and interactions affect 
polarity, protein structure stability, electrostatic surface potential, and global dynamics of the 
protein. Our results offer new insight into the role in which PTEN missense mutations contribute 
to the molecular mechanism and genotypic-phenotypic correlation of endometriosis, endometrial 
cancer and ovarian cancer.
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INTRODUCTION

Introduction to PTEN

The phosphatase and tensin homolog deleted on chromosome ten (PTEN) tumor suppressor 
is a phosphatase that antagonizes the phosphotidylinositol 3-kinase (PI3K)/Akt signaling 
pathway suppressing cell survival and proliferation.1–4 The PTEN gene, located at 10q23.3, 
encodes a 403-amino acid dual-specificity phosphatase that exerts its function as both a lipid 
and protein phosphatase (dual-specificity): dephosphorylating both protein tyrosine/serine/
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threonine phosphoproteins and lipid phosphoinositides. However, the PTEN protein is 
widely known for its role in catalyzing the dephosphorylation of phosphatidylinositol 
(3,4,5)-triphosphate (PIP3), an important intracellular second messenger, with greater 
alacrity, lowering its level within the cell.5 In fact, the architecture of the active site of PTEN 
is sufficiently large to accommodate the sugar headgroup of inositol phospholipids as a 
substrate allowing for catalytic specificity.6 The crystal structure of PTEN reveals two major 
domains: a lipid phosphatase domain that contains the catalytic active site and a tightly 
associated C2 domain, which participates in membrane binding.6 The wall of the active site 
pocket is delimited in part by the signature motif P loop (H123CKAGKGR130), WPD loop 
(residues 88–98), and TI loop (residues 160–171) which contain residues that are 
responsible for catalysis (D92, C124 and R130), the overall positive charge within the active 
site (H93, K125, K128), mediation of loop motion (H123 and G127), and govern the depth 
and width of pocket (4-residue insertion: K163, K164, G165 and V166).6 The tumor 
suppressor function of PTEN is dependent on its phospholipid phosphatase activity and the 
loss-of-function of the phosphatase catalytic domain is commonly associated with oncogenic 
PTEN mutations.6–9 Recently, somatic mutations and deletions of PTEN have been reported 
in many types of sporadic tumors, including endometriosis, endometrial and ovarian 
cancers,1,10–20 glioblastomas,3,4 prostate cancers,21 and melanomas.22

Linking PTEN to endometriosis and cancer

Previous studies have implicated alterations of the PTEN gene in endometriosis, endometrial 
and ovarian cancers.14–17,20,23,24 The incidence of PTEN mutations in endometrium tissue 
of women diagnosed with endometriosis and endometrial hyperplasia is one of the highest 
among analyzed tumors and the most commonly mutated gene identified in endometrial 
cancer.1,25 In fact, data suggest that PTEN is more commonly mutated than any other gene 
including K-ras and p531,25 in endometrial and ovarian cancers, Recent evidence suggests 
that endometrial and ovarian carcinomas are frequently found in association with 
endometriosis, suggesting that they arise through malignant transformation.14–18,20,26,27 

Moreover, research suggests that women with endometriosis may experience elevated risks 
of a variety of different types of cancer.26 The inactivation of PTEN is an early event in 
endometrial hyperplasia and the development of endometrial and ovarian cancers.19,25,28 

Thus, mutations and/or complete loss of PTEN may contribute to the genesis and 
development of endometriosis and ultimatetly cancer.

Introduction to Endometriosis and malignant transformation—Endometriosis 
affects an estimated 176 million women worldwide showing no disparity toward age, 
ethnicity, or social circumstances.29 It is defined as the presence of endometrial tissue 
outside the uterine cavity in various areas throughout the body that develops into nodules, 
lesions, growths, implants or tumors resulting in severe pelvic pain, severe dysmenorrhea 
(painful menses), dyspareunia (painful intercourse), chronic fatigue, miscarriages and 
infertility.30–33

Despite over three decades of research and significant understanding of endometriosis, the 
molecular mechanism and pathogenesis underlying its proliferation remains incompletely 
understood. Although there is currently no known cure, treatment options are available to 

Smith and Briggs Page 2

Proteins. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manage symptoms associated with the disease. As symptoms become more severe, quality 
of life is further reduced. Moreover, women with a history of endometriosis are also at an 
increased risk for developing cancer.26,34–36 Studies have long suggested that endometrial 
carcinoma arises through malignant transformation and is thought to occur in 15–40% of all 
endometriosis cases.14,27,34 These data suggest that a greater understanding of the 
complicated mechanism of endometriosis and malignant transformation will not only 
illuminate its molecular etiology, but may lead to both therapeutic development and early 
diagnostic methods.

Insights into the catalytic properties of PTEN provide a platform to analyze the mutations 
found in endometriosis, endometrial cancer, and ovarian cancer. Recent computational 
studies on PTEN reveal that missense mutations affect its function and structure.37,38 

Therefore a careful dissection of the effects of putative mutations is pertinent to 
understanding the molecular mechanism in each of the identified phenotypes.

In this study, thirteen somatic missense mutations were identified from published literature, 
and further validated in the My Cancer Genome database39 as well as the Catalog of 
Somatic Mutations in Cancer (COSMIC) database,40 thus offering a starting point to explore 
genotype-phenotype correlations in endometriosis and its malignant transformation to 
endometrial cancer and ovarian cancer. We propose that the phosphatase domain of PTEN 
may define a region within the active site wherein a small subset of mutations correlate with 
severe phenotypes characterized by endometrial cancer and ovarian cancer, and mild 
phenotypes characterized by endometriosis and endometrial hyperplasia. Our study focuses 
on understanding the impact that these missense mutations have on the structure of PTEN 
and on investigating the molecular mechanism of each of the phenotypes.

MATERIALS AND METHODS

Endometriosis and cancer mutations dataset

Somatic missense mutations for endometriosis, endometrial cancer, and ovarian cancer were 
taken from both the My Cancer Genome39 and the Catalogue of Somatic Mutations in 
Cancer (COSMIC) (version 49) databases40 and a comprehensive literature screening was 
conducted as listed in Table 1. A cut-off of 13 distinct missense mutations were chosen 
based on the highest percentage and frequency of the individual mutation somatic mutations 
found in the endometrium and ovaries as indicated in Table S1 and Figure S1.

Protein structure

The wild-type (WT) structure of human PTEN protein crystallized with tartrate (TLA) (PDB 
ID 1D5R) was downloaded from the Protein Data Bank (PDB).41 The tartrate molecule was 
removed and the calculations were conducted on apo PTEN. The mutant structures were 
built in silico by side chain replacement utilizing the Visual Molecular Dynamics (VMD) 
Mutator Plugin 1.342 starting from the WT PTEN (PDB ID: 1D5R) crystal structure file. 
Thirteen mutant structure models were generated for each of the phenotype mutations 
(p.G36E, p.G36R, p.H123Y, p.C124S, p.G129E, p.G129R, p.R130G, p.R130L, p.R130Q, 
p.R173C, p.R173H, p.V191A, and p.T348I).
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Energy Minimization of PTEN mutant structures

Energy minimization was performed on each PTEN mutant structure using GROMACS 
4.6.343 employing the GROMOS53a6 force field44 to remove possible steric clashes and 
minimize forces introduced as a result of the mutation. A series of five overall minimization 
stages were performed to remove any steric clashes and minimize the forces that were 
introduced as a result of the mutation that was introduced to the WT structure. Each PTEN 
mutant was subjected to a step-wise energy minimization using the steepest descent method. 
Step-wise energy minimization involved 5 steps: in step 1 all protein atoms were restrained, 
in step 2 protein heavy atoms were restrained, in step 3 all protein atoms were restrained 
again, in step 4 atoms of the protein main chain were restrained and in step 5, unrestrained 
energy minimization. Total minimization was carried out until convergence where the 
maximum atomic force was less than 1000 kJ/mol-nm.

All-atom normal mode analysis

All-atom normal mode analysis (NMA) was conducted on representative molecular 
dynamics (MD) simulations using GROMCAS 4.6.343 with GROMOS53a6 force field44 on 
(apo) WT PTEN (PDB ID 1D5R) and mutants as a structural basis. Each system was 
solvated inside a cubic box of simple point charge (SPC) water45 with at least 10 Å of water 
between the protein and edges of the box. All simulations were performed in explicit 
solvent, with chloride (Cl-) counter ions added to obtain neutrality of the system. Periodic 
Boundary Conditions and a 2 fs time step were employed for each simulation. Each system 
contained roughly 75,825 atoms. The Particle Mesh Ewald method46 was used to treat long-
range electrostatic interactions and a cutoff of 9 Å was used for non-bonded interactions. A 
series of five overall minimization stages were performed on each PTEN model to remove 
any steric clashes and minimize the forces that were introduced as a result of the mutation 
that was introduced to the WT structure. Each system was then subjected to a step-wise 
energy minimization using the steepest descent method. The minimized structures were then 
slowly heated from 0 to 300 K over 100 ps and equilibrated for an additional 250 ps. The 
system was heated to 300 K by linearly by increasing the temperature, through velocity 
rescaling, every 10 ps. The production runs were performed in the NPT (isobaric-isothermal) 
ensemble at 300 K. Bond lengths were constrained using linear constraint solver (LINCS) 
algorithm and the van der Waals forces were maintained at 1.4 nm. The Berendsen47 weak 
coupling method was employed to maintain constant temperature with a temperature 
coupling relaxation time of 0.1 ps, a pressure coupling constant of 0.5 ps, and a 
compressibility of 4.5 • 10−5. The total simulation time for each model was 200 ns and 
coordinates were recorded every 1 ps. Normal mode analysis of each system was conducted 
by performing principal component analysis. Normalizing each eigenvalue of the covariance 
matrix to its total sum yields the percentage of all movements attributable to the 
corresponding eigenvector. The largest eigenvalues correspond to the principal component 
modes that best explain the molecular motions sampled by the all-atom system trajectories. 
The trajectories and principal component projections were visualized using Visual 
Molecular Dynamics (VMD) Version 1.9.1.42
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Sequence Conservation

Multiple sequence alignments (MSA) were constructed utilizing CLUSTALW48 and 
manually inspected using Jalview.49 The protein sequence of PTEN was searched against the 
UniProt50,51 sequence database to obtain homologous PTEN proteins sequences.

pKa and electrostatic surface potential calculations

The single-site pKa predictions52–55 were carried out on WT PTEN (Apo) at pH7 using 
Chemistry at HARvard Molecular Mechanics (CHARMM),56 and University of Houston 
Brownian Dynamics (UHBD).57 The electrostatic surface potential (ESP) calculations were 
carried out using Adaptive Poisson-Boltzmann Solver (APBS).58 ESP calculations were 
generated for WT PTEN and mutants and visualized using Visual Molecular Dynamics 
(VMD) Version 1.9.1.42

The PTEN PDB entry 1D5R, contains the atomic coordinates of the protein as required for 
calculation of pKa. The pKa input contained partial atomic charges and atomic radii for each 
atom, maximal number of iterations [300], ionic strength [150 mM], dielectric constant 
[solvent 80, protein 20], temperature [298K] and spacing [4: 3.0 45 45 45; 1.2 15 15 15; 
0.75 15 15 15; 0.25 20 20 20] in Angstroms.

Protein structure stability and flexibility

I-Mutant 3.0 (http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.cgi) is a 
support vector machine (SVM)-based tool that calculates protein stability changes upon 
mutation either from sequence or structural information.59 We utilized the structure-based 
version of I-Mutant 3.0, which classifies the prediction into one of three classes: neutral 
mutation (−0.5 ≤ ΔΔG ≥ 0.5 kcal/mol), large decrease (<−0.5 kcal/mol), or large increase 
(>0.5 kcal/mol).59 The predicted free energy change ΔΔG is based on the difference between 

unfolding Gibbs free energy change of mutant and native protein (kcal/mol).59 CUPSAT 

(http://cupsat.tu-bs.de) is a physiochemical modeling program that utilizes a Boltzmann 
mean-force potential and torsion angles (phi, psi) to predict ΔΔG values and stability 
changes.60 CUPSAT also calculates the overall stability change as well as the adaptation 
(favorable or unfavorable) of the observed torsion angles (phi, psi) as a result of the 
mutation. The WT PTEN structure file (PDB ID 1D5R) was utilized and the residue name 
and mutation site were required as input.

To further explore the effects of the mutations on structure stability and dynamics we 

employed Elastic Network Contact Model (ENCoM) (http://bcb.med.usherbrooke.ca/
encom),61,62 that utilizes a novel mixed coarse-grained normal mode method to account for 
the type and extent of pairwise atomic interactions allowing for the calculation of vibrational 
entropy differences as a result of mutations.61,62 ENCoM utilizes a potential function with 
four terms: (1) covalent bond stretching, (2) angle bending, (3) dihedral torsion and (4) non-
bonded interaction while taking into consideration the nature and possible effects that the 
orientation of the side-chains have on dynamics within the context of normal mode analysis. 
The WT PTEN structure file (PDB ID 1D5R) was utilized and the residue name and 
mutation site were required as input.
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Anisotropic network - normal mode analysis

The anisotropic network model (ANM), is a coarse-grained model utilized to investigate 
protein dynamics and vibrational functional motions.63 Utilizing elastic network 
methodology (ENM), ANM calculations involved only Cα atoms and employed a uniform 
spring constant γ with a cut-off distance of 1.5 nm for interacting atoms, such that the 
overall potential of the system is a sum of harmonic potentials.64,65 Anisotropic 
displacements and intrinsic collective motions of WT and mutant PTEN structures were 
analyzed using ProDy66 and ANM63 to obtain the six slowest nontrivial normal modes. 
Visual Molecular Dynamics (VMD) Version 1.9.142,66 was utilized for molecular 
visualization.

RESULTS

Recent studies have revealed an association between PTEN and the development of 
endometriosis suggesting that frequent PTEN mutations may contribute to its genesis and 
development, pointing to a key role for PTEN in the etiology.18,19 Recent evidence suggests 
that ovarian endometrial carcinomas are frequently found in association with endometriosis 
suggesting that they arise through malignant transformation.14–18,20,26,27 Moreover, research 
suggests that women with endometriosis may experience elevated risks of various types of 
cancer.26 Studies indicate that the loss-of-function mutations in PTEN are frequent in human 
cancer and have been found in patients with endometriosis, endometrial cancer, and ovarian 
cancer.14–16,19,23,67–69 In an effort to further understand the possible genotype-phenotype 
correlation of these mutations, we examined the structural effects and phenotypic 
consequences of PTEN missense mutations to provide insight into their disease mechanisms.

PTEN somatic missense mutations

To investigate the pattern of PTEN mutations in each of the phenotypes, we analyzed the 
prevalence of PTEN somatic missense mutations from data presented in literature over the 
past three decades. The spectrum of their associated phenotypes is shown in Table 1. Using 
the My Cancer Genome and the Sanger COSMIC databases, PTEN was screened and the 
thirteen mutations were confirmed to be within the highest percentage of somatic mutations 
found in the endometrium and ovaries (Table S1 and Fig. S1). Using these data we 
investigated the functional impact of the mutations and whether any correlation exists 
between PTEN genotype and disease phenotype.

Mutation clusters within PTEN

The structure of the PTEN protein reveals a phosphatase domain (residues 1–185) and a C2 
domain (residues 186–351), which are both vital for tumor suppressor function. The 
phosphatase domain contains a tyrosine phosphatase signature motif (H123CKAGKGR130) 
that forms a P loop within the active site pocket. Within this loop, the C124 and R130 
residues are essential for catalysis. Knowledge of the catalytic mechanism provides a 
rational basis for understanding a number of the mutations reported within PTEN. Thus, we 
created a histogram, identifying mutational hotspots within the domain structures of PTEN 
to further highlight mutations surrounding the active site that may affect catalytic activity 
and structural stability (Fig. 1). We found the vast majority of mutations localized within the 
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phosphatase domain, particularly the signature motif, suggesting that phosphatase activity is 
essential for the physiological function of PTEN in tumor suppression.

Mapping mutations to structure of PTEN

To further examine the local structure and interactions around each mutated residue in both 
domains of PTEN, these mutations were mapped to the three-dimensional structure of PTEN 
as shown in Figs. 2A–B. We observed that nine mutations associated with severe 
phenotypes: six (p.H123Y, p.C124S, p.G129E, p.G129R, p.R130G, and p.R130Q) are 
clustered within the active site pocket, one (p.G36E) is located near the N-terminus and two 
(p.R173C and p.R173H) are located at the phosphatase-C2 domain interface. Four of the 
thirteen mutations (p.G36R, p.R130L, p.V191A, and p.T347I) present mild phenotypes and 
are scattered throughout both PTEN domains (Figs. 1 and 2A–B). p.R173C is involved in 
both mild and severe phenotypes: endometrial hyperplasia, endometrial cancer and ovarian 
cancers, respectively (Table 1). Residues C124 and R130 are affected by missense mutations 
and play significant roles in catalytic activity and protein function. Most importantly, R130 
has mutations (R130G, R130L, and R130Q) implicated in each of the three phenotypes: 
endometriosis, endometrial cancer, and ovarian cancer (Table 1 and Figs. 2A–B). These 
three distinct R130 mutations considerably change the size of the respective amino side 
chains such that the local structure and interactions might be disturbed. Three loops (WPD, 
P, and TI) that comprise the active site pocket of the phosphatase domain are responsible for 
the overall positive charge (H93, K125, and K128), catalysis (D92, C124 and R130), 
mediation of loop motion (H123 and G127) and govern the depth and width of the pocket 
(K163, K164, G165 and V166) (Fig. 2A).6 Interestingly, the p.G129E mutation is found in 
patients with endometrioid tumors with high frequency.8,33 The position of this residue is 
located at the bottom of the active site cleft near the TI loop that contributes to the extended 
active site pocket (Figs. 2A–B). Mutations p.G129E and p.G129R reduce the size of the 
catalytic pocket, thus hindering accommodation of the bulky phosphoinositol moiety of the 
substrate PIP3 (Figs. 2A–B).6 This mutant likely retains protein tyrosine phosphatase (PTP) 
activity because the phosphorylated inositol head group requires a larger and shallower 
pocket.70 Additionally, the glycine is located in a conserved region and is essential at this 
position to adopt a backbone conformation needed to accommodate the phosphoinositol 
moiety and a mutation to glutamic acid thereby reduces the flexibility of the backbone (Fig. 
3). Substitution of arginine (p.G129R), which has a larger side chain than glutamic acid, 
results in complete loss of both protein tyrosine phosphatase and lipid phosphatase 
activities.70 It is possible that mutations involving the P, WPD, or TI loops disrupt the size 
and overall positive charge of the active site pocket, the tumor suppressor function of PTEN, 
and thus contributes to the development of tumors with a more severe phenotype.71

Sequence Conservation

Disease-causing mutations are typically located at conserved positions within a protein 
family since these residues are usually essential for the structure and/or function of the 
protein.72,73 Within PTEN, the P loop is highly conserved between species, whereas the 
WPD and TI loops are more divergent (Fig. 3). The inter-domain interface residues of the 
phosphatase domain are second only to the P loop in conservation across species and those 
of the C2 domain are the best-conserved C2 regions (Fig. 2A).6 The majority of the somatic 
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missense mutations investigated in this study are located within a contiguous conserved 
cluster (Fig. 1) formed around the active site and highly conserved P loop as well as the 
inter-domain region conferring significant phenotypic changes and can be targeted as 
potential hot-spot regions for the development of novel therapeutic agents in the treatment of 
endometriosis, endometrial cancer and ovarian cancer.

Effects of the missense mutations on the structural of PTEN

To understand the structural and phenotypic consequences of the missense mutations in 
PTEN protein, we utilized a combination of molecular modeling, structural analysis, and 
bioinformatics methods to analyze the identified mutations. The effects of the mutations 
reveal that the local structure and interactions affect polarity, protein structure flexibility, and 
electrostatic surface potential. Structural analysis of p.H123Y, p.C124S, and p.R173H reveal 
that alterations in the residue size and hydrophobicity disturb the structure and disrupt 
hydrogen bonding (Figs. 4A–D). The signature motif contained in the loop between pβ5-
strand and α4-helix includes two residues H123 and C124 essential for the conformation of 
the P loop and for catalysis, respectively. The mutation of H123 to tyrosine, causes steric 
clash with Y76 disrupting the π-π stacking between H123 with Y76 and F37 thus extending 
the pβ5-strand before the P loop (Fig. 4A). Basic residues H93, K125, K128, surround the 
catalytic C124 residue and R130, and hydrogen bonds with the side chains R130 and T131 
(Fig. 4B). The p.C124S mutation introduces a slightly less hydrophobic side chain 
disrupting the hydrogen bonding interactions, lowering the pKa (Table 3) and presumably its 
ability to act as a nucleophile with its known substrate PI(3,4,5)P3. In fact, previous research 
has shown that p.C124S completely inhibits PTEN’s lipid and protein phosphatase activity 
and was defective in phosphatase activity against PI(3,4,5)P3 and PI(3,4)P2.74,75 The 
p.R173H mutation disrupts inter-domain hydrogen bonding with W274 (2.2Å to 3.6Å) and 
imposes steric clash and side chain distortion with nearby residue V262 (Figs. 4C, D).

Predictions on protein structure stability

Individual missense mutations may destabilize a protein and impact its folding ability. To 
consider this effect and estimate the level of structural destabilization associated with each 
missense mutation, we predicted quantitative stability changes utilizing multiple programs 
that calculate the change of the protein structural stability induced by mutations (ΔΔG). In 
order to provide points of comparison, we utilized multiple programs such as I-Mutant 3.0,59 

Cologne University Proteins Stability Analysis Tool (CUPSAT),60 and Elastic Network 
Contact Model (ENCoM) (Table 3).61,62

I-Mutant 3.0 was utilized to calculate protein structure stability changes from the predicted 
free energy change (ΔΔG) upon mutation as provided from either sequence or structural 
information.59 I-Mutant 3.0 predicts each of the thirteen mutations (p.G36R, p.G36E, 
p.H123Y, p.C124S, p.G129R, p.G129E, p.R130G, p.R130L, p.R130Q, p.R173C, p.R173H, 
p.V191A, p.T348I) to be destabilizing presenting with negative free energy change (ΔΔG) 
values −1.30, −0.94, −0.67, −1.12, −1.33, −1.03, −2.15, −0.56, −1.56, −1.57, −1.71, −0.18, 
and −1.61 kcal/mol, respectively. Eight of these mutations (p.G36R, p.H123Y, p.G129E, 
p.G129R, p.R130G, p.R173C, p.V191A and p.T348I) are in agreement with experimental 
data that suggests the loss of lipid phosphatase activity toward PIP3 as a result of the loss of 
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stability in the protein. CUPSAT was utilized to predict protein stability changes upon single 
amino acid point mutation using structural environment-specific atom potentials and torsion 
angle (phi, psi) potentials. The predicted unfavorable torsion angles for the p.G36E, 
p.C124S, p.R130G, p.R130Q, p.R173C, p.R173H, p.V191A and p.T348I mutations could be 
the result of the inability of the torsion angles (phi, psi) to adapt to their new environment 
which contributes to the higher impact of the atom potentials on stability, thus resulting in a 
stabilizing mutant. The p.R130G mutation results in both a destabilizing mutation and 
unfavorable torsion angles due to the greater extent of flexibility forcing the backbone into 
an incorrect conformation that disturbs the local structure. Interestingly, the effect of these 
mutations on structural stability and dynamics can be further assessed with ENCoM in 
Figure 5. We chose ENCoM to predict the effect of mutations as it accounts for side-chain 
and long-range interactions offering a more realistic representation of intramolecular 
interactions. The p.R130G/L/Q, and p.R173C/H mutants have an increase in dynamics 
across the phosphatase-C2 domain interface. It has been previously posited that a majority of 
mutations within the active site pocket exhibit a loss of phosphatase activity as a result of the 
p.R173C/H mutations, further implicating this region as a possible mutation-driven allosteric 
interface. R173 forms a salt-bridge with D324 stabilizing the rich hydrogen bond network 
within the interface. Mutations located at position 173 results in a loss of charge and involve 
the destruction of this salt-bridge thus impairing the structural stability within the domain 
interface contributing to a severe phenotype. This further highlights that the integrity of the 
interface is important for the overall stability of PTEN and these mutations could disrupt the 
global dynamics of the protein.

Anisoptropic network model analysis to predict global dynamics

To understand how the intrinsic and global dynamics are impacted by each of the missense 
mutations on PTEN, elastic network models and normal mode analysis were utilized. To 
achieve this goal, we utilized the ProDy software package66 for the construction of 
anisotropic network63 coarse-grained models of both WT PTEN and mutants to further 
explore the interplay of the structural and dynamic effects each of the mutants have on the 
global dynamics of the tertiary structure. Correlation between collective modes was 
predicted by the calculation of the anisotropic normal mode (ANM) for each of the WT and 
mutant models. Lower frequency modes contribute to the covariance and entail the most 
cooperation and largest amplitude motions. ANM analysis exhibited a high cumulative 
involvement coefficient for the first 10 slow modes. The mode which emphasizes the 
contribution of the slowest modes and contributes the most to the overall global motions of 
each model is mode 2 which has the lowest nonzero “frequency” and involvement 
coefficient of CI2=1.00 best describing the conformational changes between the WT and 
mutant models.

Additionally, though pairwise cross-correlations of the residue fluctuations of the first lowest 
eignevectors (first three modes) are quite similar, the P loop and WPD loop regions were the 
most flexible in ANM mode 2 (data not shown). Therefore, of the 10 slowest nontrivial 
normal modes that were analyzed, ANM mode 2 revealed the greatest differences in the 
motions of WT and mutant models of PTEN. These ANM 2 modes are found to describe 
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variations of “hinge-bending” and “zipper-like” global movements, thus characterizing their 
global conformational changes and cooperative motions relative to their mutation (Fig. 6).

Furthermore, to better discriminate the effects induced by each of the mutations on the 
protein structure, an all-atom normal mode analysis was conducted by calculating principle 
component analysis on molecular dynamics trajectory ensembles of the WT and mutant 
models. The projections of the displacement described by the first principle components on 
the simulated frames were analyzed. The first principal component of each WT and mutant 
model collectively account for more than ~40% of the total motion and is therefore a 
suitable approach to analyze protein dynamics. The introduction of a large charged residue 
(p.G36E/R) causes both local effects on the N-terminal region and the C2 domain (Figs. 7B–
C). The p.H123Y, p.C124S and p.G129E mutations (Fig. 7D–F) significantly affect the 
principal motions of the TI loop and are somewhat close to the WT fingerprint, whereas the 
other mutations have well-defined dynamic effects. Additionally, the p.C124S mutation 
(Figs. 7E) has dramatic effects on the N-terminal region and the catalytic loops as well as 
the CBR3 loop in the C2 domain indicating this mutation induces long-range perturbations. 
The p.G129R mutation (Fig. 7G), though somewhat similar to p.G129E, has slightly more 
fluctuation to its principal motions most particularly in the N-terminal region and CBR3 
loop. The p.R130G/L/Q mutations (Figs. 7H–J) significantly alter PTEN dynamics in the 
surrounding active site as well as long-range perturbations mostly due to the fact that the 
R130 position is catalytic. Interestingly, p.R173C/H mutations (Figs. 7K,L) affect the 
principal motions of the P, WPD, and TI loops in the active site, and the inter-domain 
interface, illustrating long-range perturbations. The p.V191A mutation (Fig. 7M) exhibits 
dynamic patterns similar to p.C124S and p.R130L indicating that this mutation affects the 
global dynamics of the TI loop in the active site as well as the CBR3 loop. Lastly, T348I 
mutation (Fig. 7N) reveals principal motions similar to H123Y indicating that this mutation 
greatly affects the global dynamics of the P, WPD and TI loops in the active site. Overall, 
each of the mutation motions captures the differences in the global dynamics induced by the 
effects of each mutation and reveal unique long-range perturbations within the PTEN 
protein.

Effects of the missense mutations on ionization states of titratable residues

To understand whether the ionization states of titratable groups are affected by missense 
mutations, pKa calculations were predicted. pKa predictions provide insight into the local 
environment of critical residues within the active site where the majority of the mutations are 
clustered (Table 3). The pKa predictions were performed on the apo form of PTEN using the 
1D5R structure without the TLA substrate. Thus the apo conformation exposes the active 
site and was treated with a high dielectric constant of water. Figure 8 illustrates interactions 
between WT PTEN ionizable residues and the tartrate molecule within the active site. The 
pKa can shift depending on the surrounding environment thus affecting protein stability and 
activity. The pKa of D92 was substantially shifted toward greater acidity due to the 
formation of hydrogen bonds with H93 and K125, thus stabilizing the deprotonated state. 
H93 is critical for the affinity of negative substrates thus a moderate shift of 5.93 is critical 
to maintain the catalytically competent protonation state of the residue. The elevated pKa 
value of D115 is attributable to hydrogen bond formation with basic residues R130 and 
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K125, serving as a hydrogen bond acceptor. The pKa of H123 is slightly depressed due to 
hydrogen bond formation with Y76, and disruption of this hydrogen bonding in the 
p.H123Y mutation leads to destabilization of the protein (Table 2). C124 exhibits a 
substantial shift toward greater acidity, which is attributable to the surrounding high density 
of basic residues H93, K125, K128, and R130 (Fig. 8) indicating that cysteine is stabilized 
in its thiolate form at physiological pH. A mutation from cysteine to serine would disrupt the 
electrostatic environment thus further perturbing the pKa.

Effects of the missense mutations on electrostatic surface potential

Electrostatic surface potential calculations were generated for WT PTEN and mutants. As 
expected WT PTEN (apo) is predicted to have a highly positive electrostatic potential 
surrounding the active site (Fig. 9). Mutations within the active site: p.H123Y, p.R130G, 
p.R130Q, and p.R130L reduce positive charge resulting in less favorable electrostatic, 
binding, and specificity interactions with PIP3, thus contributing to a severe phenotype. The 
introduction of a large charged carboxylate side chain for buried mutations: p.G36R, 
p.G36E, p.G129R, and p.G129E imposes backbone conformational constraints, the inability 
to facilitate loop movement, and exposure to solvent. More specifically, the p.G129E 
mutation would thus experience electrostatic repulsion when binding to PIP3 (Fig. 9). The 
p.R173C/H mutations replace a large residue (R) with smaller ones (C/H), causing a loss in 
charge while disrupting the inter-domain hydrogen bond network (Figs. 4C,D, 9).

DISCUSSION

Our study comprises an in silico effort in examining 13 somatic missense mutations in 
PTEN associated with endometriosis, endometrial cancer, and ovarian cancer. Though no 
single method can predict disease phenotype, utilization of a combination of methods based 
on protein structure stability, sequence evolutionary information, electrostatic potential, and 
protein global dynamics were employed in order to increase the predictive accuracy. Our 
observed predictions correlated with a decrease in protein structure stability in each of the 
associated mutations. I-Mutant 3.0 predicts all 13 mutations to be destabilizing. ENCoM 
predicts 6 mutations, (p.R130G/L/Q, p.R173C/H and p.V191A) to be destabilizing. The 
effect of these mutations on structural stability and dynamics were further assessed in 
Figures 5–7. Our results indicate that the p.R130G/L/Q and p.R173C/H mutants have an 
increase in dynamics across the phosphatase-C2 domain interface. We predict that mutations 
at position 130 that result in a change in polarity or charge would result in a reduction in 
structural stability thus likely impairing the ability to participate in the catalytic mechanism. 
It is possible that altering WT interaction of this active site residue would affect PTEN 
function and thus lead to severe phenotype. The loss of positive charge at the R130 position 
(Fig.9) as well as interaction with neighboring essential catalytic residues C124 and D92 
would disrupt overall function of PTEN. The normal catalytic mechanism involves D92 
donating a proton to the bridging oxygen of its substrate PIP3.76 Subsequently, R130 binds 
to the D3-phopsphate of PIP3 and transfers it to neighboring C124; this interaction is 
possibly lost due to mutations at position 130.76 Previous studies indicate that mutations 
within the active site pocket, in addition to p.R173C/H mutants, exhibit inactivated 
phosphatase activity,70,77–79 revealing a possible long-range communication, further 
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implicating this region as a possible mutation-driven allosteric interface. R173 forms a salt-
bridge with D324 stabilizing the rich hydrogen bond network within the interface. We 
predict that mutations at position 173 that result in a loss of positive charge would invoke the 
destruction of this salt-bridge thus likely to impair the structural stability within the domain 
interface leading to a severe phenotype. This further emphasizes that the integrity of the 
interface is important for the overall stability of PTEN and that these mutations could disrupt 
the global dynamics of the protein. In CUPSAT, 8 mutations (p.G36R, p.H123Y, p.G129E, 
p.G129R, p.R130G, p.R173C, p.V191A and p.T348I) are predicted to be destabilizing. This 
is in agreement with experimental data that suggests the loss of lipid phosphatase activity 
towards PIP3 as a result of the loss of stability in the protein. The evolutionary-conservative 
analysis indicated that the majority of the disease-associated mutations are located in highly 
conserved parts of the PTEN structure (P loop as well as inter-domain region) (Fig. 3). Our 
most notable observation was the identification of the inter-domain disruption caused by the 
mutations at positions 130 and 173 that lead to the most dramatic effect on PTEN long-range 
communication with the protein and its overall function implicating a rather interesting 
interplay between these two positions that may be involved in a potential mutation-driven 
allosteric interface. This provides motivation for future studies to further investigate a 
network of interactions that contribute to a possible allosteric signal transmission and long-
range communication. It is known that PTEN plays a key role as a tumor suppressor protein 
and is involved in a variety of cellular functions and protein-protein interactions.80 

Therefore, any significant changes in structural stability will thus modify the overall 
function of the protein having a global impact on various pathways involved in tumor 
suppression regulation.

A literature search revealed that missense mutations p.C124S, p.G129R, p.R130G/L/Q, and 
p.R173C/H were implicated in a variety of other human diseases. Mice expressing mutations 
p.C124S and p.G129E manifested particularly aggressive breast tumors.77,81 Additionally, 
mutations at positions 130 and 173 occur at a high frequency in central nervous system 
tumors.82 The p.C124S mutation has been previously implicated in Autism Spectrum 
Disorders, Glioblastoma, and Anaplastic Astrocytoma (a rare brain tumor).83–86 Johnson 
and Raines86 demonstrated that p.C124S devastates catalytic activity thus preventing 
catalysis with its substrate PIP3. Our results suggest that the replacement of cysteine with 
serine would greatly alter the dynamics of the N-terminal region, catalytic loops, as well as 
the CBR3 loop thus affecting membrane binding, indicating this mutation induces long-
range perturbations (Fig. 7). In fact, when this mutant was introduced into cells, phospho-
AKT levels remained constant and cells did not undergo G1 arrest or apoptosis.78 The 
p.G129R mutation has been reported in association with Glioblastoma.3,87–89 Our results 
indicate that the p.G129R mutation introduces a larger, positively charged residue into a 
highly conserved region that destabilizes the structure and thereby contributes to a more 
rigid P loop (Fig. 7). The flexibility of the native glycine residue may be necessary for 
PTEN’s function.

Additionally, mutations p.C124S, p.G129E, p.R130G alter the polarity and charge of the 
active site, leading to structural instability and a catalytically inactive mutant. Interestingly, 
recent experimental research implicates mutations p.C124S and p.G129E as contributing to 
a more severe phenotype, providing evidence that these inactive mutants disturb the function 
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of co-expressed WT protein and perhaps aggravate normal cellular behavior.90 Conversely, 
mutants retaining partial loss of function associate more frequently with a milder 
phenotype,90 this may also explain the mild phenotype seen in p.G129R as well as in the 
diverse range in severity of phenotype (from mild to severe) as seen in multiple mutations at 
one position as in p.G36R/E, p.R130G/L/Q, and p.R173C/H as investigated in this study.

It is important to note that missense mutations at position 130 (p.R130G, p.R130L, 
p.R130Q) are located within the phosphatase domain of the active site and participate in 
catalytic activity. Recently, p.R130G was identified as belonging to multivariate PTEN 
mutations associated with endometrial cancer.71,91 Additionally, p.R130G, p.R130L and 
p.R130Q mutations have been previously implicated in Glioblastoma,92–95 Autism Spectrum 
Disorder,79 and Anaplastic Astrocytoma,87 respectively. Our results demonstrate position 
130 to be involved in a potential long-range communication pathway with position 173. 
Additionally, in comparison to WT PTEN, we observed changes in overall global dynamics 
due to each of the R130 mutations (Figs. 5–7). In the coarse-grained normal mode analyses, 
the R130 mutants revealed a “hinge-like” motion compared to the “scissor-like” motion of 
the WT PTEN (Fig. 6). Whereas in the all-atom normal mode analysis of the principal 
components on the molecular dynamic ensembles, we see not only local effects on the active 
site induced by the mutations but also disruption of the inter-domain and long-range 
perturbations.

Previous studies reveal that the majority of the mutations within the active site pocket 
exhibit a loss of phosphatase activity in addition to the p.R173C/H mutants located within 
the inter-domain interface (Table 1). Mutation p.R173C is experimentally predicted to 
reduce PTEN’s catalytic activity towards PIP3 substrate77 and thus its function as well. In 
many instances mutations affecting catalytic sites or protein interaction sites in general, can 
be sensitive to residue mutations distant from the active site.96 Our results predict that both 
p.R173C and p.R173H destabilize the structure and disrupt the inter-domain interface (Table 
2) (Figs. 4C–D, 5–7). These mutations are located within a buried hydrophobic core and a 
rich hydrogen bond network,6 given this region is also highly conserved and integral to the 
hydrogen bond network, it further confirms the extreme importance of this interface for the 
PTEN function. Mutations at position R173 have been found mutated in a variety of cancers 
and is recognized as being among one of the eight most frequently mutated residues of 
PTEN.6 Moreover, p.R173C and p.R173H are both involved in Glioblastoma83–85,95,97–102 

and Anaplastic Astrocytoma,83–85,98,101,103–107 respectively. In fact, within the COSMIC 
database alone, PTEN mutations at positions 130 and 173 are distinctly prevalent in 
endometrial, ovarian, and central nervous system tumors with a high frequency of position 
130 mutations in endometrial and ovarian tumors, whereas only 4% of central nervous 
system (CNS) tumors also occur at this position. Additionally, 18% of CNS tumors 
correspond to position 173 with high frequency. We observed that mutations p.R130G/L/Q 
and p.R173C/H have an increase in dynamics across the phosphatase-C2 domain interface 
and lead to a more severe phenotype (Figs. 5–7). Moreover, our results indicate that 
mutations at positions 130 and 173 may trigger certain types of allosteric changes as well as 
long-range communication effects that contribute to the loss of phosphatase activity toward 
PIP3, thus giving rise to a severe phenotype. Further analysis of the catalytic as well as 
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tumor suppressor functions of mutations at position 173 will aid in understanding the 
significance of mutational targeting of this position in various cancers.

The missense mutations studied within this work allowed for perturbation of the WT 
properties of PTEN and provided a unique insight into two molecular mechanisms involving 
mutations at R130 and R173. Though genotype-phenotype correlations of these mutations 
are not solely attributable to a destabilization in structure, they are a major causative factor 
in endometriosis, endometrial cancer, and ovarian cancer as highlighted in this research.

CONCLUSION

Our results are not aimed at predicting the definitive value of the ΔΔG changes for each of 
the missense mutations but rather to gain insight into the stabilizing or destabilizing effects 
they have on the overall structure of PTEN. The majority of the somatic missense mutations 
investigated in this study are located within a contiguous conserved cluster (Fig. 1) formed 
around the active site and highly conserved P loop as well as the inter-domain region 
inducing structural instability and thus significant phenotypic changes. The results of our 
study can be exploited for future mutagenesis studies and as a framework to predict PTEN 
mutation severity beyond existing algorithms. Ultimately, the primary goal was to 
investigate the genotype-phenotype relationship for each of the missense mutations 
presented in order that our results could be utilized to develop a more definitive diagnosis 
protocol and to this end, develop novel therapeutics for treatment of endometriosis, 
endometrial cancer, and ovarian cancer.

Additionally, our results provide a platform to further assess experimentally the effects of 
the mutations on stability of the inter-domain interface. To exploit this approach NMR could 
be utilized to determine the increase of flexibility of the inter-domain interface due to 
p.R173C and p.R173H mutations. Additionally, shifts in pKa and hydrogen bond 
rearrangement at p.R130 mutations could also be tested by means of NMR along with 
thermal or denaturant unfolding methods.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutation distribution within the domain structure of human PTEN

The majority of the identified missense mutations found in endometriosis, endometrial and 
ovarian cancers cluster within the signature motif of the phosphatase domain. Distributions 
of PTEN somatic missense mutations in endometrial and ovarian cancers as well as 
endometriosis and endometrial hyperplasia are represented by red triangles and orange 
squares, respectively. The grey and black boxes represent the phosphatase domain and the 
catalytic signature motif, respectively.
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Figure 2. Three-dimensional structure of PTEN and mutants

[A] Phosphatase domain (grey) and C2 domain (purple) of WT PTEN structure with 
residues in stick representation. The catalytic P, WPD and TI loops are colored in cyan, 
yellow and purple respectively. [B] 13 somatic missense mutations associated with 
endometriosis, endometrial and ovarian cancers with mutated residues in stick 
representation.
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Figure 3. Multiple sequence alignment of PTEN catalytic loops

The region of greatest conservation is the P loop as indicated by ‘*’ and the high 
conservation scoring. The location of the catalytic WPD, P, and TI loops are indicated above 
the alignment in yellow, cyan and purple respectively.
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Figure 4. Structural analysis of WT PTEN

[A] H123Y, [B] C124, (basic residues are indicated in blue), [C] R173 and [D] H173. 
Introduction of mutations disturb the structure and disrupt hydrogen bonding. The H123Y 
mutation causes steric clashing with the neighboring Y76 residue resulting in a distortion of 
the WPD loop. The high density of basic residues surrounding C124 lowers its pKa (Table 
4). The R173H mutation disrupts critical hydrogen bond network interactions within the 
inter-domain region.
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Figure 5. Effect of PTEN mutations on structural stability and dynamics

[A] R130G, [B] R130L, [C] R130Q, [D] R173C, [E] R173H and [F] V191A. Where black 
dotted circle represents the residue mutation and red corresponds to an increase in global 
protein flexibility.
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Figure 6. Global motions of WT PTEN and mutants

[A] WT, [B] G36E, [C] G36R, [D] H123Y, [E] C124S, [F] G129E, [G] G129R, [H] R130G, 
[I] R130L, [J] R130Q, [K] R173C, [L] R173H, [M] V191A, [N] T348I. The magnitude and 
direction of the displacement for mode 2 of wild-type and PTEN mutants are represented by 
green arrows. The Cα atoms in red indicate large global fluctuations, whereas blue color 
corresponds to small global fluctuations. Mutated residues are indicated as red spheres.
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Figure 7. Protein dynamics fingerprint of WT PTEN and mutants

The projections of the displacement described by the first principle component on the 
structure are shown for [A] WT, [B] G36E, [C] G36R, [D] H123Y, [E] C124S, [F] G129E, 
[G] G129R, [H] R130G, [I] R130L, [J] R130Q, [K] R173C, [L] R173H, [M] V191A, [N] 
T348I with 50 frames of the entire trajectory. The structural segments illustrate large 
concerted motions that bring out the dynamic variations. The protein is represented in the 
licorice model and colored from blue to red representing from minimum to maximum 
motions, respectively. The mutated residue is indicated by a yellow sphere.
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Figure 8. PTEN active site with tartrate molecule

Interactions between tartrate molecule and ionizable residues within the active site.
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Figure 9. Electrostatic surface potential of WT PTEN and mutants

[A] WT (front-active site), [B] G36R, [C] G36E, [D] G129R, [E] G129E, [F] WT (back) [G] 
R173C. The mutation sites are indicated with a yellow dashed circle illustrating the change 
in electrostatic potential. The positive potential is colored in blue and the negative potential 
is colored in red. Contoured at −4 (red) and +4 (blue) kcal/mol/electron isovalues.
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Table 1

PTEN somatic missense mutations and phenotype

Mutations Phenotype Domain Reference

p.G36R Endometrial
Hyperplasia

Phosphatase

Maxwell et al. 1998; Minaguchi et al. 2001

p.G36E Endometrial Cancer Dutt et al. 2008

p.H123Y Endometrial Cancer Myers et al. 1997; Bonneau et al. 2000

p.C124S Endometrial Cancer Kurose et al. 1998

p.G129R Endometrial Cancer Risinger et al. 1997; Furnari et al. 1997

p.G129E Endometrial Cancer Risinger et al. 1997; Weng et al. 2001

p.R130G Endometrial Cancer Bonneau et al. 2000; Obata et al. 1998;
Byron et al. 2008; Dutt et al. 2008; Oda et

al. 2005; Minaguchi et al. 2001

Endometriosis Willner et al. 2007

Ovarian Cancer Lovly et al. 2015

p.R130Q Ovarian Cancer Sampson 1925; Sainz de la Cuesta et al.
1996; Saito et al. 2000; Castiblanco et al. 2006;

Mandai et al. 2009; Xu et al. 2011
Lovly et al. 2015

p.R130L Endometriosis Maxwell et al. 1998; Han et al. 2000;
Obata et al. 1998

p.R173C Endometrial
Hyperplasia

Maxwell et al. 1998; Risinger et al. 1998

Endometrial Cancer Bussaglia et al. 2000; Minaguchi et al. 2001;
Dutt et al. 2008; Risinger et al. 1998

p.R173H Ovarian Cancer Sampson 1925; Sainz de la Cuesta et al.
1996; Saito et al. 2000; Castiblanco et al. 2006;

Mandai et al. 2009; Xu et al. 2011

p.V191A Endometrial
Hyperplasia

C2

Maxwell et al. 1998; Han et al. 2000

p.T348I Endometrial
Hyperplasia

Maxwell et al. 1998; Georgescu et al. 1999;
Han et al. 2000
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Table 3

WT PTEN pKa calculation

Residue pKa Expected pKa Observed pKa Delta

D92 4.00 −2.71 −6.72

H93 6.30 5.93 −0.37

D115 4.00 6.57 2.57

H123 6.30 4.59 −1.71

C124 8.30 3.79 −4.51

K125 10.50 ≫pH ≫pH

K128 10.50 8.94 −1.56

R130 12.40 ≫pH ≫pH

pKa calculations were performed with wild-type 1D5R structure without substrate. The pKa of the catalytic residue C124 showed a substantial shift 
toward greater acidity, which is attributable to the surrounding high density of basic residues.
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