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Conformational Dynamics and Allosteric Regulation
Landscapes of Germline PTEN Mutations Associated with
Autism Compared to Those Associated with Cancer

Iris Nira Smith,1 Stetson Thacker,1,2 Marilyn Seyfi,1 Feixiong Cheng,1,2,3 and Charis Eng1,2,3,4,5,*

Individuals with germline PTEN tumor-suppressor variants have PTEN hamartoma tumor syndrome (PHTS). Clinically, PHTS has vari-

able presentations; there are distinct subsets of PHTS-affected individuals, such as those diagnosed with autism spectrum disorder (ASD)

or cancer. It remains unclear whymutations in one gene can lead to such seemingly disparate phenotypes. Therefore, we sought to deter-

mine whether it is possible to predict a given PHTS-affected individual’s a priori risk of ASD, cancer, or the co-occurrence of both

phenotypes. By integrating network proximity analysis performed on the human interactome, molecular simulations, and residue-inter-

action networks, we demonstrate the role of conformational dynamics in the structural communication and long-range allosteric regu-

lation of germline PTEN variants associated with ASD or cancer. We show that the PTEN interactome shares significant overlap with the

ASD and cancer interactomes, providing network-based evidence that PTEN is a crucial player in the biology of both disorders. Impor-

tantly, this finding suggests that a germline PTEN variantmight perturb the ASD or cancer networks differently, thus favoring one disease

outcome at any one time. Furthermore, protein-dynamic structural-network analysis reveals small-world structural communication

mediated by highly conserved functional residues and potential allosteric regulation of PTEN. We identified a salient structural-commu-

nication pathway that extends across the inter-domain interface for cancer-only mutations. In contrast, the structural-communication

pathway is predominantly restricted to the phosphatase domain for ASD-only mutations. Our integrative approach supports the predic-

tion and potential modulation of the relevant conformational states that influence structural communication and long-range perturba-

tions associated with mutational effects that lead to PTEN-ASD or PTEN-cancer phenotypes.
Introduction

Phosphatase and tensin homolog deleted on chromosome

ten (PTEN [MIM: 601728]) is a multi-functional tumor-

suppressor gene found to be mutated in the germline of in-

dividuals with Cowden syndrome (CS [MIM: 158350]) and

related cancer-predisposition syndromes or somatically in

a diverse range of solid tumors.1–3 Individuals, regardless

of clinical presentation, with germline PTEN mutations

are molecularly diagnosed with PTEN hamartoma tumor

syndrome (PHTS). PHTS is typically an autosomal-domi-

nant disorder variably characterized by macrocephaly,

hamartomatous overgrowths, and malignant neoplasia,

especially of the breast and thyroid.4–6 The phenotypically

diverse clinical manifestations encompassed by PHTS

often share overlapping clinical features but have great

variability, making clinical outcomes difficult to predict.

Paradoxically, approximately one-fifth of PHTS-affected in-

dividuals also present with autism spectrum disorder

(ASD), raising an intriguing question about how two seem-

ingly disparate clinical outcomes can result from germline

mutations in one gene when there are no obvious geno-

type-phenotype associations.5,7 Current clinical manage-

ment guidelines assign enhanced clinical surveillance for

component cancers in all individuals with PHTS and a

low threshold to evaluate for ASD in children. It would

enhance precision practice if clinicians could predict ahead
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of time which PHTS-affected individual would develop

ASD only, cancer only, or both.

PTEN functions as a dual-specificity phosphatase that an-

tagonizes both the PI3K/AKT/mTOR signaling pathway8–10

and the mitogen-activated protein kinase (MAPK) path-

way.11 The critical ability of PTEN to catalyze the dephos-

phorylation of phosphatidylinositol (3,4,5)-triphosphate

(PIP3) restrains pro-growth, pro-survival, and pro-prolifera-

tion signaling, guarding against tumorigenesis.10,12–14

The regulation of the enzymatic activity and functional

diversity of PTEN is complex and involves multiple cellular

processes and interactions with other proteins. Hence,

deficiency of any of these functions contributes to dis-

ease.15–17 In fact, PTEN structure-function analyses reveal

distinctive functional patterns that correlate with variants

found in the catalytic active site. For example, there are

variants (e.g., p.Gly129Glu) that specifically disrupt the

lipid phosphatase activity while leaving the protein

phosphatase activity intact and vice versa (p.Tyr138Leu,

for example). Additionally, there are variants (e.g.,

p.Cys124Ser) that completely disrupt the phosphatase

core motif, leaving a lipid- and protein-phosphatase-dead

protein; this is a mechanism by which PTEN is inactivated

in tumors.13,18–20 Furthermore, these variants result in

specific alterations (i.e., expanding or contracting its

depth)within the catalytic pocket, and they affect substrate

preference.21
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In a recent pilot study, we sought to identify differences

in ASD- versus cancer-associated germline PTEN missense

variants in silico by investigating putative structural and

conformational dynamics.22 Five of six ASD-associated

variants showed localized destabilization, contributing

to the partial opening of the active site, whereas all six

cancer-associated variants showed long-range perturba-

tions that decreased structural stability and increased

dynamics across the domain interface, mediating a closed

active site.22 Most notable was the identification of an

inter-domain disruption with an increase in dynamics

across the phosphatase-C2 domain interface in PTEN,

and this disruption was observed in both the c.388C>G

(p.Arg130Gly) (cancer only) and c.517C>T (p.Arg173Cys)

(shared in individuals with both ASD and cancer) muta-

tions, indicating both residue positions play a role in in-

ter-residue signal propagation and are crucial to structural

stability.22,23 These results provide evidence to support

the recent identification of pivotal mutational-sites that

might serve as key mediating bridges of allosteric commu-

nication in PTEN.24 Allosteric propagation results in

communication between distinct sites in the protein

structure and takes place through dynamic shifts of

conformational ensembles.25 The quantitation of key

factors that govern structural communication is essential

in order to assess signal propagation for predicting the

effects of mutations.25 Thus, our pilot observations

encouraged further investigation in order to profile

conformational changes that mediate long-range effects

and allosteric signal propagation and thus reveal separate

molecular features contributing specifically to ASD or

cancer. Despite the specific nature of PTEN’s functional

dynamics, mutation-induced conformational changes

that are associated with ASD or cancer and that govern

potential allosteric signaling pathways and structural-

communication propagation have yet to be investigated

at an atomistic level. It is, therefore, essential to determine

how ASD- and cancer-associated variants that disrupt

PTEN’s long-range communication and inter-domain dy-

namics give rise to a potential mutation-driven allosteric

interface.

In this study, we combined molecular dynamics (MD)-

based modeling of residue-interaction networks (RINs)

and structural communication to further explore the ef-

fects that germline missense variants have on the dy-

namics of PTEN. We had a particular interest in changes

that occur within the active site and the inter-domain

interface. Understanding inter-residue characteristics

while combining network behavior properties has proven

to be a novel approach for studying interactions between

proteins,26,27 protein conformational changes,28 and

allosteric communication.29,30 Moreover, inter-residue

network analysis is crucial for identifying functional resi-

dues.31 As such, here we investigate the relationship be-

tween germline PTEN variants that are involved in both

ASD and cancer via network perturbation, subsequent

structural-conformational dynamics, and altered inter-res-
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idue interactions that coordinate key functional centers of

the protein (Figure S1).
Material and Methods

Human Protein-Protein Interactome Network
To build a comprehensive human protein-protein interactome, we

assembled data from a total of 18 bioinformatics and systems-

biology databases with multiple experimental pieces of evidence.

Specifically, we focused on high-quality protein-protein interac-

tions (PPIs) with five types of experimental evidence: (1) binary

PPIs tested by high-throughput yeast-two-hybrid (Y2H) sys-

tems—we combined binary PPIs tested from two publicly avail-

able, high-quality Y2H datasets;32,33 (2) kinase-substrate interac-

tions in literature-derived low-throughput and high-throughput

experiments; (3) literature-curated PPIs identified by affinity puri-

fication and thenmass spectrometry (AP-MS), Y2H, and literature-

derived low-throughput experiments; (4) high-quality PPIs from

protein three-dimensional (3D) structures reported in Instruct;34

(5) and a signaling network made by literature-derived low-

throughput experiments as annotated in SignaLink2.0.35 The

genes were mapped to their Entrez ID on the basis of the NCBI

database,36 as well as their official gene symbols based on the

GeneCards database.37 Duplicated pairs were removed. In addi-

tion, all computationally predicted data, such as evolutionary

analysis, gene-expression data, and metabolic associations, were

excluded. The resulting updated human interactome that was

used in this study includes 351,444 PPIs connecting 17,706

unique proteins. The detailed descriptions are provided in our pre-

vious studies.38–40
Selecting PTENGermlineMutations for Residue Network

and Molecular Dynamics Analyses
This prospective study was performedwithin the framework of the

‘‘Molecular Mechanisms Involved in Cancer Predisposition’’ pro-

tocol (Cleveland Clinic Institutional Review Board approved,

IRB# 8458) and conducted with informed consent and in accor-

dance with theWorldMedical AssociationDeclaration of Helsinki.

Germline PTEN missense variants from a series of 138 prospec-

tively accrued individuals were compiled with a number of

descriptive variables, which included clinical phenotypes, patho-

genicity predictors, other genotype information, and predictors

of structural stability. The dataset was evaluated by an in-house,

random forest algorithm and further condensed with a principal

component analysis (PCA), as described in Smith et al., 2018.22

By inspecting the PCA, we selected a total of 17 missense variants

that segregated the most distantly from each other and were asso-

ciated with ASD and cancer (Table 1). The accession numbers for

the PTEN nucleotide and protein reference sequences reported

in this paper are GenBank: NM_000314.7 and NP_000305.3,

respectively.
Network Proximity Analysis
We comprehensively accessed and assembled PTEN genetic and

protein-protein interaction data from BioGRID.41 Collectively,

we refer to these genes and proteins as PTEN influencers (Table

S1). We collected significantly somatically mutated genes from

The Cancer Genome Atlas (TCGA) projects, as described in the

previous studies.38,42 In addition, we collected known cancer-

associated genes (germline-mutation-related) from four public



Table 1. Germline PTEN Missense Variants Analyzed

Nucleotide Changea PTEN Missense Variantsb

ASD-associated variants

c.69A>C p.Leu23Phe

c.194A>G p.Tyr65Cys

c.202T>C p.Tyr68His

c.302T>C p.Ile101Thr

c.365T>G p.Ile122Ser

c.658C>G p.Leu220Val

Cancer-associated variants

c.71A>G p.Asp24Gly

c.275A>C p.Asp92Ala

c.388C>G p.Arg130Gly

c.401T>G p.Met134Arg

c.613A>G p.Met205Val

c.1033C>G p.Leu345Val

ASD or cancer (shared) variants

c.389G>A p.Arg130Gln

c.406T>C p.Cys136Arg

c.464A>G p.Tyr155Cys

c.517C>T p.Arg173Cys

ASD and cancer (co-existing) variants

c.509G>T p.Ser170Ile

aReference sequence: GenBank: NM_000314.7
bReference sequence: GenBank: NP_000305.3

Please cite this article in press as: Smith et al., Conformational Dynamics and Allosteric Regulation Landscapes of Germline PTEN Mutations
Associated with Autism Compared..., The American Journal of Human Genetics (2019), https://doi.org/10.1016/j.ajhg.2019.03.009
databases: the Online Mendelian Inheritance in Man (OMIM)

database,43 the HuGE Navigator,44 PharmGKB,45 and the Compar-

ative Toxicogenomics Database (CTD),46 as described in our recent

study.39

Here, we used a network proximity measure for quantifying

network-based relationships between PTEN influencers and ASD-

related genes or cancer genes from the human protein-protein

interactome. Specifically, we calculated network proximity be-

tween PTEN influencers (A) and ASD-related genes or cancer genes

(B) via:

sABhhdABi � hdAAi þ hdBBi
2

(1)

where dAB indicates the shortest distance between proteins

within each gene set GA and GB, and dAA and dBB represent the

shortest distance for proteins within GA and GB in the human in-

teractome. To evaluate the significance of the network distance be-

tween PTEN influencers and ASD-related genes or cancer genes, we

constructed a reference distance distribution corresponding to the

expected distance between two randomly selected groups of pro-

teins of the same size and degree (connectivity) distribution as

the original PTEN influencers and disease genes (proteins) in the

human interactome. This procedure was repeated 10,000 times,

on the basis of previous studies.39,47 We used the mean (m) and

SD (s) of the reference distribution to calculate a Z score
Th
ðZ ¼ ðd � mÞ=s Þ by converting an observed (non-Euclidean) dis-

tance to a normalized distance. In addition, a p value was

computed on the basis of a permutation test.

Protein-Structure Model Preparation and Molecular

Dynamics Simulations
Thewild-type (WT) crystal structure of human PTEN protein (PDB:

1D5R) was obtained from the RCSB Protein Data Bank (PDB).12,48

The tartrate (TLA) molecule was removed, and all calculations

were conducted on apo PTEN. The overall three-dimensional

structure of PTEN contains deleted segments that consist of un-

structured or loosely folded regions of 7 and 49 residues at the N

and C termini, respectively, and 24 residues in an intrinsically

disordered internal loop (residues 286–309).12 Though only four

PTEN mutations (c.3G>T [p.Met1?], c.892C>G [p.Gln298Glu],

c.1061C>A [p.Pro354Gln], and c.1066A>G [p.Asn356Asp])

within our PHTS cohort occur within these deleted segments,

these mutations were not modeled because they reside within

these flexible regions that are likely to appear in multiple distinct

conformations. Consequently, these mutations were excluded

from molecular dynamics (MD) analysis. The 17 selected PTEN

mutant structures were constructed in silico by side-chain replace-

ment with the Visual Molecular Dynamics (VMD) Mutator Plugin

1.349 from the WT PTEN crystal structure file. 17 mutant structure

models were generated for each of the mutations (c.69A>C

[p.Leu23Phe], c.71A>G [p.Asp24Gly], c.194A>G [p.Tyr65Cys],

c.202T>C [p.Tyr68His], c.275A>C [p.Asp92Ala], c.302T>C

[p.Ile101Thr], c.365T>G [p.Ile122Ser], c.388C>G [p.Arg130Gly],

c.389G>A [p.Arg130Gln], c.401T>G [p.Met134Arg], c.406T>C

[p.Cys136Arg], c.464A>G [p.Tyr155Cys], c.509G>T [p.Ser170Ile],

c.517C>T [p.Arg173Cys], c.613A>G [p.Met205Val], c.658C>G

[p.Leu220Val], and c.1033C>G [p.Leu345Val]).

We performed all MD simulations by using GROMACS 4.6.350

with GROMOS53a6 forcefield51 on (apo) WT PTEN (PDB: 1D5R)

and each PTENmutant structure. Each systemwas subjected to en-

ergy minimization via the steepest descent method, and a series of

five overall minimization steps was performed as previously

described22 to remove steric clashes and minimize the forces as a

result of themutation that was introduced to theWTstructure. To-

tal minimization was carried out until convergence, where the

maximum atomic force was <1000 kJ/mol-nm. The minimized

structures were then slowly heated from 0 to 300 K over 100 ps

and equilibrated for an additional 250 ps. The production simula-

tions were carried out at constant pressure (1 atm), temperature

(300 K), and particle number (NPT, isobaric-isothermal ensemble),

as previously described.22 The total simulation time for each

model was 200 ns, and coordinates were saved every 1 ps.

Clustering Analysis
We utilized the GROMACS clustering analysis tool to explore the

conformation heterogeneity in the ensemble of protein structures

generated by each molecular-dynamics simulation system. We

used the GROMOS clustering algorithm52 with a Ca of 0.20 nm

root-mean-square deviation (RMSD) cut-off to determine structur-

ally similar clusters. For each system, we found three dominant

clusters holding greater than �60% of total protein structures.

Residue-Interaction Network Analysis
Themost populated structure from the clustering analysis for both

WT PTEN and each mutant PTEN structure was submitted to the

Residue Interaction Network Generator (RING)53 to construct
e American Journal of Human Genetics 104, 1–18, May 2, 2019 3
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the interactive residue-interaction network (RIN). RINs are con-

structed by considering amino acid residues as nodes, which are

connected by non-covalent interactions, and edges are repre-

sented by contacts between atoms such as hydrogen bonds, salt

bridges, van der Waals force, and p-p interactions. We utilized

the RINs for WT PTEN and each mutant PTEN structure to analyze

the residue-residue interaction of PTEN, and we visualized them

with Cytoscape 3.6.1.54

After the construction of the structure topology, the network

was characterized by the evaluation of quantitative descriptors,

as previously described.55,56 On the basis of the variance of the

connectivity, the network heterogeneity was used to measure

the connection tendency of a network that included hub nodes.

Two important centrality measures related to distance and

connectedness are betweenness and closeness, respectively. The

betweenness centrality Bk of a node k is the number of times that a

node is included in the shortest path between each pair of nodes,

normalized by the total number of pairs, and it is defined as:

Bk ¼ Npaths

NpathsðmaxÞ (2)

where N denotes the number of shortest paths between two

nodes. The betweenness centrality of a node reflects the amount

of control that this node exerts over the interactions of other

nodes in the network.57 The closeness centrality Ck of a node is

the reciprocal of the average shortest path length, which is calcu-

lated as follows:

Ck ¼ ðx� 1Þ
dii

(3)

where the descriptor of the node distance di is normalized by

dividing into the number of vertex distances (x � 1). Closeness

centrality is a measure of how quickly information spreads from

a given node to other reachable nodes in the network.57 We eval-

uated the nodes by computing estimation plots58 for both

betweenness and closeness centrality to determine the difference

of means (D) on an effect size. Subsequently, we further assessed

the nodes by calculating Z score values versus the corresponding

residues, and we chose a cutoff threshold of the absolute value

of 2 to represent residue peaks in the centrality profiles as potential

mediating sites of structural communication and allosteric

regulation.
Protein-Structure Network and Global Metapath

Analysis
Long-range communication and allosteric networks were charac-

terized by a mixed protein-structure network (PSN) and an elastic

network model-normal mode analysis (ENM-NMA) approach pre-

viously applied to investigate structural and allosteric communica-

tion pathways.30,59,60 On the basis of early work established by

Vishveshwara et al., the PSN is constructed from the atomic coor-

dinates of residues, which represent the nodes of the network.26,61

Two nodes are connected by an edge if the percentage of the inter-

action between them is greater than or equal to a given interaction

strength cut-off:

Iij ¼ nijffiffiffiffiffiffiffiffiffiffi
NiNj

p 100 (4)

where Iij is the interaction percentage of nodes i and where j is

the number of side-chain atom pairs within a given cut-off

(4.5 Å), and Ni and Nj are, respectively, the normalization factors
4 The American Journal of Human Genetics 104, 1–18, May 2, 2019
(NF) for residues i and j; the NF account for the difference in size

of different nodes and their propensity to make the maximum

number of contacts with other nodes in protein structures.

The mixed PSN-ENM approach was recently implemented to

predict salient structural-communication pathways in biomole-

cular systems. The underpinning of WebPSN59 lies with a protein

structure graph (PSG) and searches for all of the shortest commu-

nication pathways between user-specified residues. A PSG defines

amino acids as nodes and the non-covalent interactions among

them as links. Such graphs are useful for identifying clusters of res-

idues that stabilize the protein structure and protein-protein inter-

faces.26,62 The network topology of PSGs depends on the cut-off of

the interaction strength between the residues that are used in the

constructed graph. The building of the PSG is carried out bymeans

of the PSN algorithm. The strength of interaction between residues

i and j (Iij) is evaluated as a percentage, then Iij is calculated for all

node pairs. The interaction strength Imin was chosen (Table S2),

and any residue pair for which Iij R Imin is considered to be inter-

acting and hence connected to the PSG. This graph-based

approach computes network features (e.g., nodes, hubs, and

edges) and the shortest communication pathways fromMD simu-

lation trajectories.30 In this approach, information on the struc-

tural dynamics contributes to the building of the PSG and is

utilized in the search for the shortest communication path in

which the conformational dynamics contributes in terms of

both correlated motions and path occurrence in the trajec-

tories.30

The mixed PSN-ENM method (WebPSN) involves a multi-step

process wherein network features (i.e., nodes, hubs, links, etc.)

are computed by building a PSG, and the shortest communication

pathways for ensembles of structures are acquired from a single,

high-resolution structure. The algorithm defines all possible

communication paths between selected node pairs and filters

the results to the cross-correlation of atomic motions, as derived

from ENM-NM. Filtering consists of retaining only the shortest

path(s) that contains at least one residue correlated (i.e., with a

cross-correlation value R0.6) with either one of the two extremes

(i.e., the first and last residues in the path). Metapaths made of the

most recurrent nodes and links in the path pool (i.e., global meta-

paths) infer a coarse picture of the structural communication in

the considered system. In detail, metapaths are made of nodes

R5% of the considered path pool (i.e., ‘frequent nodes’) and of

links, satisfying both the conditions of being present in one of

the paths and of connecting ‘frequent nodes.’ All global meta-

paths were visualized with VMD 1.9.3.49
Results

Network Proximity of PTEN Influencers of ASD and of

Cancer

Cells govern biological functions via complex networks,

such as in the human protein-protein interactome.38 Per-

turbations to the human interactome often drive cells to

various phenotypic states, such as tumorigenesis and

neurological diseases.38 To determine whether germline

PTEN variants lead to ASD and/or to cancer via network

perturbation, we measured the network-based relationship

of PTEN influencers to ASD compared to their relationship

to cancer within the human protein-protein interactome

network model (Figure 1A). We integrated PTEN genetic



Figure 1. Significant Network Proximity
of PTEN Influencers to Known ASD- or
Cancer-Associated Genes within the Hu-
man Protein-Protein Interactome Network
Model
(A) Connectivity distribution of the human
interactome that was used in this study.
(B) A significant network proximity of PTEN
influencers with known ASD-associated
genes within the human interactome.
(C and D) Significant network proximities
of PTEN influencers with known somatic
mutant genes (C) or with known breast can-
cer germline mutant genes (D) within the
human interactome. The network prox-
imity analyses of PTEN influencers with
more than 10 different other cancer types
are provided in Table S1.
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interactions and PTEN protein-protein interactions as

PTEN influencers (see Material and Methods). To examine

PTEN network effects, we used a network-proximity mea-

sure that quantifies the network-based relationship be-

tween PTEN influencers and known disease genes/proteins

in the human protein-protein interactome (see Material

and Methods). Specifically, we calculated a Z score for

quantifying the significance of the shortest path lengths

between PTEN influencers and proteins associated with

ASD or cancer from the human interactome. We found a

significant network proximity between PTEN influencers

and ASD-related genes from the human protein-protein in-

teractome (Z ¼ �2.573, p ¼ 0.005, Figure 1B), indicating

stronger network perturbations by PTEN in ASD.

In addition, we found significant network proximity

between PTEN influencers and cancer in both somatically

mutated genes and germline-related genes. For example,

PTEN influencers show closer network distance in both

breast cancer somatic mutant genes (Z ¼ �5.414,

p ¼ 3.08 3 10�8, Figure 1C) from TCGA project and breast

cancer germline-associated genes (Z ¼ �6.162, p ¼ 3.58 3

10�10, Figure 1D) in breast cancer compared to the same

number of random gene sets with similar (degree of) con-

nectivity in the human interactome. Furthermore, we

found a significant network proximity of PTEN influencers

with more than 10 different cancer types as well (Table

S1). These observations of network proximity are consis-

tent with previous studies that found that PTEN variants

can involve both cancer and ASD. In order to understand

the functional consequences of how PTEN variants per-

turb network effects further, we next turned to investigate

the structural-network perturbations by using several

selected PTEN germline variants found in both ASD and

cancer.
The American Journal of
Critical Hub Residues Identified by

Residue-Interaction Network

Analysis in PTEN Mutants Observed

in ASD versus Cancer

To address the functional conse-

quences from mutation-driven struc-
tural-network perturbations, we utilized a RIN to test our

hypothesis that variants associated with ASD and/or can-

cer might act as a driving force that orchestrates structural

communication and allosteric regulation. Previous studies

suggest that protein-structure topologies produce small-

world networks in which a high local connectivity of

residue nodes could be balanced by a smaller number of

long-range interactions, giving rise to a high degree

of interaction cooperativity.31,63–65 The RIN is described

as a protein structural graph represented as a network to-

pology map that provides a robust framework for investi-

gating allosteric communications within a protein.26,62,66

The network topology map is comprised of nodes (resi-

dues) connected by edges (residue interactions) that

determine the shortest communication paths between no-

des. We computed network-centrality measures (degree,

betweenness, and closeness) to identify critical nodes

that extend through the entire network topology and

participate in both structural communication and allo-

steric signal propagation.57

RINs have been utilized to identify hubs (nodes), which

have a high degree of connectivity (e.g., first-degree neigh-

bors) and are crucial for stability and signal propagation

throughout a network.67 Thus, we initially computed the

degree of connectivity to identify the crucial node(s) that

are vital for communication and signal propagation. RIN

models have demonstrated that small-world allosteric net-

works are characterized by high-degree connectivity and a

small amount of long-range connectivity, whereby long-

range protein communication is determined by specific

residue clusters playing critical roles in the transmission

of functional signals.63,68,69 Therefore, in order to distin-

guish critical residue hubs that play a key role in small-

world communication, we calculated the residue depth
Human Genetics 104, 1–18, May 2, 2019 5



Figure 2. Degree Density Distribution of Core and Surface Residues in ASD- and Cancer-Associated Mutations
Density distribution on core and surface residues for (A) WT PTEN, (B) three-dimensional PTEN structure, (C) ASD only, (D) cancer only,
(E) mutations shared across both phenotypes, and (F) one mutation with co-existing ASD and cancer. Core residues encompass two key
regions: (1) the active site (residues 32–35; residues overlapping P loop, ATP B-binding motif, and pa4 loop, residues 122–138) and (2)
inter-domain (motif 1, residues 169–180; motif 2, residues 250–259, and motif 3, residues 264–276). The core (blue) and surface (red)
residues are mapped within the three-dimensional structure of PTEN (inset).
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(RD) and the connectivity distribution by computing the

differences between core and surface residues for both

WT PTEN and each mutant PTEN structure associated

with ASD and/or cancer (Figures 2A–2D and S2A–S2D).
6 The American Journal of Human Genetics 104, 1–18, May 2, 2019
RD distinguishes between exposed and buried residues,

quantifies the distance of a residue from the bulk solvent,

and also correlates with protein-protein interaction hot-

spots.70 We define the core residues as those residing at
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depths greater than 4Å, in accordance with previous

work.71

Comparison of the depth distribution of ASD-associated

mutations (c.69A>C[p.Leu23Phe], c.194A>G[p.Tyr65Cys],

c.202T>C [p.Tyr68His], c.302T>C [p.Ile101Thr], c.365T>G

[p.Ile122Ser], and c.658C>G [p.Leu220Val]) demonstrates

low connectivity with surface residues when com-

pared to WT PTEN (Figure 2A). Cancer-associated muta-

tions (c.71A>G [p.Asp24Gly], c.275A>C [p.Asp92Ala],

c.388C>G [p.Arg130Gly], c.401T>G [p.Met134Arg],

c.613A>G [p.Met205Val], and c.1033C>G [p.Leu345Val])

demonstrate stronger connectivity for core residues, high-

lighting them as critical hubs for signal propagation

(Figure 2B). Moreover, we see a notable loss of surface-resi-

due interactions, further demonstrating that the core resi-

dues are key players in PTEN structural communication.

The mean difference between the core and surface connec-

tivity was larger among cancer-associated variants; how-

ever, this difference was not statistically significant

(p ¼ 0.31). Additionally, when we compared area under

the curve (AUC) distributions across phenotype categories,

there were no statistically significant differences. We also

observed a loss in connectivity of the surface residues for

variants that occur in individuals with ASD, as well as unre-

lated individuals with cancer (but with no single individual

having both ASD and cancer) when compared to either var-

iants associated only with ASD or variants associated only

with cancer (Figure 2C). The PTEN c.509G>T (p.Ser170Ile)

mutation associated with concurrent ASD and cancer phe-

notypes in a single individual showed effects similar to

cancer (only) variants (Figure 2D). Though the high RD

of cancer-associated variants reveals potential regions

(P loop, residues 123–131; motif 1, residues 169–180; and

CBR3 loop, residues 260–269) prone tomediate allosteric ef-

fects, no significant differences were seen when compared

to ASD-associated variants (Figures S2A–S2D). Overall, our

results demonstrate that in comparison to ASD-associated

variants, cancer-associated variants demonstrate stronger

connectivity for core residues, identifying them as critical

hubs for signal propagation. Additionally, we see a loss of

surface-residue interactions, further demonstrating that

the core residues are key players in PTEN structural commu-

nication and underscoring the extent to which the cancer-

associated RIN is perturbed at long distances.

Structural Communication in PTEN’s Inter-domain

Region Influences Heightened Allosteric

Communications Specific to Cancer

In order to further distinguish critical residue hubs that

play a key role in potential allosteric regulation and

long-range structural communication, we computed

two critical, quantitative-centrality network parameters,

betweenness and closeness centrality. Nodes with high

betweenness values control the flow of topological infor-

mation in a network,72 whereas nodes with high closeness

values play a principal part in the transmission of informa-

tion to all other residues in the network.57 Nodes with
Th
large betweenness and closeness values have been shown

to lie in critical regions in proteins, and they are typically

binding free energy hotspots or located in the vicinity of

hotspots.24,31,64,73 We therefore posit that allosteric

communication is effectively propagated by way of highly

conserved residues that are within the active site and inter-

domain region and that exhibit a significantly higher

betweenness compared to the network average. Moreover,

our recent studies reveal these regions are prone to muta-

tions that thermodynamically destabilize the structure.22

In order to investigate the role of specific residues within

ASD- versus cancer-associated PTENmutations in allosteric

communication, we computed betweenness centrality for

all residues of the PTEN mutants and assessed the differ-

ence between the median betweenness centrality of a

given mutant versus wild-type PTEN and Z scores versus

the corresponding residues (Figures 3A–3C, S3, and S4A–

S4D). All of the 95% confidence intervals for the mutants

compared to the wild-type networks include 0, indicating

that, as networks, there is little difference in betweenness

centrality between the mutants and wild-type structures

(Figures 3A–3C and S3). Because of the lack of striking,

network-level differences, we computed betweenness

Z scores to identify the specific nodes in the mutant net-

works with high betweenness (Figures S4A–S4D). Residue

nodes with a high betweenness in ASD-associated variants

are enriched in both the phosphatase and C2 domains, but

they are predominantly distributed across the inter-

domain motifs for cancer-associated variants (Figures S4A

and S4B). Interestingly, the overall betweenness profile

across both ASD and cancer phenotypes revealed promi-

nent peaks related to highly conserved and critically func-

tional residues. The most notable residues with high

Z score values (>2) for ASD-associated variants were nodes

that lie in the N-terminal region (Arg47 and Asn48), inter-

domain interface (motif 1, Pro169, Ser170, Gln171,

Arg173, and Tyr174; motif 2, Cys250, Gly251, Val255,

and Glu256; motif 3, Trp274, and Asn276; and motif 4,

Leu325, and Asn329), as well as one node (Lys260) in the

CBR3 loop (Figures S4A and S4B).

The nodes with significant absolute Z score values for

the cancer-associated variants are also located in the N-ter-

minal region (Gln17, Glu18, Asp24, Tyr46, Arg55, Tyr76,

Gln87, and Asn94) in addition to the active-site residue

Arg130. In contrast to the ASD-associated variants, can-

cer-associated variants also have nodes that clustered

more within the inter-domain motifs (motif 1, Pro169,

Arg173, Tyr174, and Tyr178; motif 2, Glu256; motif 3,

Met270, His272, Trp274, Val275, and Asn276; and motif

4, Leu325, Ala328, and Asn329), indicating heightened

structural communication across both domains and long-

range perturbation allosteric effects (Figure S4B). Germline

mutations that can result in ASD or in cancer show similar

centrality peaks compared to cancer-associated variants

where nodes cluster more within the inter-domain motifs,

most particularly motif 1 (motif 1, Pro169, Ser170, Arg173,

and Tyr174; motif 2, Lys254 and Glu256; motif 3, His272
e American Journal of Human Genetics 104, 1–18, May 2, 2019 7



Figure 3. Residue-based Betweenness Centrality Estimation Plot Profiles for ASD- and Cancer-Associated PTEN Germline Mutations
Dynamics-based analysis of betweenness network centrality for (A) ASD only, (B) cancer only, and (C)mutations shared across both phe-
notypes. The gray-filled curve indicates the complete D distribution given the observed data. In-line with the median of each group, the
D is indicated by the black circle. The 95% confidence interval of D is illustrated by the vertical black line. Significant betweenness cen-
trality peaks were mapped to the three-dimensional PTEN structure for each phenotype (insets).
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and Trp274; and motif 4, Lys327) (Figure S4C). Interest-

ingly, the c.509G>T (p.Ser170Ile) mutation observed in

the single individual with both ASD and cancer demon-

strated no peaks beyond the defined Z score threshold

(Figure S4D).

To explore structural communication in the ASD- versus

cancer-associated variants, we next computed closeness

centrality. First, we assessed the difference in closeness

centrality at the network level, finding that two

ASD-associated mutations (c.194A>G [p.Tyr65Cys] and

c.658C>G [p.Leu220Val]), two cancer-associatedmutations

(c.613A>G [p.Met205Val] and c.1033C>G [p.Leu345Val]),

and one shared mutation (c.464A>G [p.Tyr155Cys]) had

significant differences compared to the wild type (Figures

S5A and S5B). Subsequent to these findings, we examined

closeness centrality at the residue level by computing

Z scores for eachnode (Figures S6A–S6D). Nodeswith signif-

icant closeness values in ASD-associated variants were en-

riched in both the phosphatase and C2 domains; however,

they were more predominant in nodes in the CBR3 loop

(Gln261, Asn262, Met264, Leu265, Lys266, and Lys267) of

the C2 domain (Figure S6A). In contrast, cancer-associated

variants demonstrate nodes with significant closeness

Z scores across both domains, most specifically in a rather

large area of theN-terminal region, the ATP-B bindingmotif

(Lys60, Ala72, andArg74), TI loop (Arg161, Asp162, Lys163,

Lys164, and Thr167), and the inter-domain motifs motif 2

(Gly251, Glu256, and Pro258), motif 3 (Met264, Leu265,

Lys266, Lys267, and Phe272), and motif 4 (Thr321,

Asp324, Lys327, and Lys330) (Figure S6B), demonstrating

that the inter-domain region is a key site for structural-signal

propagation.This is consistentwith thesignificantbetween-

ness residue peaks located within the inter-domain motifs

corresponding to global structural communication (Fig-

ure S4B), further highlighting this region as a hub for long-

range allosteric communication. Thevariants that can result

in ASD or cancer phenotypes also demonstrate similar fea-

tures with cancer (only)-associated variants, in that signifi-

cant absolute Z scores were seen across both domains.

However, several nodes in the N-terminal region had twice

the absolute Z scores compared to WT PTEN and ASD-asso-

ciated variants (Figure S6C), indicating that long-range per-

turbations across both domains affect allosteric regulation.

Most notably, the c.389G>A (p.Arg130Gln) and c.406T>C

(p.Cys136Arg) mutations have significant absolute Z scores

that are loweredwithin the inter-domain interface (residues

150–200) compared to WT PTEN.

This might be, in part, due to the structure compen-

sating for an increase in thermodynamic stability and

thus exhibiting a more rigid inter-domain region.22 In

contrast, the c.464A>G (p.Tyr155Cys) and c.517C>T

(p.Arg173Cys) mutations demonstrate significant close-

ness values within the C2 domain, whereas WT does not,

and this is also in line with our previous results, which

exhibit a greater, more flexible (destabilized) inter-domain

region (Figure S6C). Similar to the cancer-associated vari-

ants, the c.509G>T (p.Ser170Ile) mutation seen in both
Th
ASD and cancer reveals significant closeness Z scores across

both domains, more specifically in nodes within the phos-

phatase domain (Thr78 and Val85) and the TI loop (Lys164

and Thr167), demonstrating that these nodes are key sites

for structural signal propagation (Figure S6D).

Global Conformational Changes Influence Structural

Communication and Define Functional Residues of

Allosteric Regulation in ASD and Cancer

In order to determine how mutation-induced conforma-

tional dynamics modulates structural communication

and allosteric propagation, we investigated the global

conformational changes induced by ASD- versus cancer-

associated variants. We therefore analyzed the conforma-

tional effects of a set of 17 independent, all-atom

molecular dynamics (MD) simulations conducted for WT

PTEN (apo), ASD-, and cancer-associated variants. Within

the active site, a conformational change occurred, and

this change involved the P loop (residues 123–130) and

WPD loop (residues 88–98) forming a more ‘‘open’’ active

site and displacing catalytic residues Asp92 and Arg130

in the ASD-associated variants and a ‘‘closed’’ active site

in the cancer-associated variants (Figure S7). The posi-

tioning of these two residues is essential for their interac-

tion with the PIP3 lipid substrate and the overall function

of PTEN.

To obtain a detailed map of the critical hubs influenced

by global conformational changes and vital to the struc-

tural communication within PTEN, a RIN comparison

was carried out on the open and closed forms of the

ASD- versus cancer-associated variants. The crucial hubs

within the active-site loops (WPD, P, and TI loops) are

defined as nodes that are highly connected (>4 edges, in-

teractions).29 In comparing the connectivity distribution

throughout the entire structure of PTEN in ASD- versus

cancer-associated variants, we see a difference in connec-

tivity in critical functional loops and motifs (P loop, resi-

dues 123–131; ATP-A binding motif, residues 122–136;

CBR3 loop, residues 260–269; and motif 1 residues, 169–

180) within the phosphatase domain compared to the

C2 domain (Figure S8 and Table 2). This might be, in

part, due to cooperative conformational dynamics formed

by conserved residues within the active site and inter-

domain regions, suggesting rapid signal propagation

through a small network of core residues.

Distinct differences in connectivity distribution reveal

changes in hub residues within the three active-site

loops in ASD- versus cancer-associated variants. Within

the P loop, cancer-associated variants had a slight decrease

in connectivity with residue His123, going from nine total

connected interactions to seven, compared to ASD-associ-

ated variants (Figure 4A).12 Residue His123 is essential for

P loop conformation and participates in a critical p-p

stacking interaction with Tyr76 and Phe37. Changes in

connectivity that disrupt these interactions would extend

the pb5-strand residues before the P loop, leading to

marked conformational changes in the WPD loop. The
e American Journal of Human Genetics 104, 1–18, May 2, 2019 9



Table 2. Inverse Correlation in Degree Connectivity of Phosphatase Domain Catalytic Loops and C2 Domain Inter-domain Motifs

Phosphatase Domain C2 Domain

Catalytic loops ATP motifs Inter-domain motifs

WPD P TI ATP A ATP B CBR3 Motif 1 Motif 2 Motif 3 Motif 4 Linker

Wild type 78 61 41 117 91 29 128 83 86 49 17

p.Leu23Phe ASD 85 30* 37 82* 100 31 122 82 105* 66* 25

p.Tyr65Cys 76 56 48 103 76 22* 120 97 102* 46 24

p.Tyr68His 81 54 31 90* 84 31 96* 94 104* 60* 17

p.Ile101Thr 69 49* 40 90* 91 20* 137 61 62 49 22*

p.Ile122Ser 66 47* 42 94* 100 36* 99* 80 91 55 19

p.Leu220Val 80 43* 38 99 81 34 118 75 94 39 20*

p.Asp24Gly Cancer 72 48* 41 95 83 41* 110 91 99 65* 20*

p.Asp92Ala 57* 40* 40 79* 71* 19* 104 70 79 70* 11*

p.Arg130Gly 76 40* 39 87* 74 25 102* 78 86 62* 20*

p.Met134Arg 77 37* 45 89* 102 46* 105 105* 99 51 10*

p.Met205Val 98* 59 57* 108 88 23* 121 89 80 49 20*

p.Leu345Val 67 56 49 99 97 43* 91* 80 107* 59* 21*

p.Arg130Gln Shared 81 56 48 101 105 51* 84* 91 103* 71* 23*

p.Cys136Arg 64 67 44 116 72* 16* 106 76 79 41 19

p.Tyr155Cys 90 43* 21* 96 81 29 105 79 89 60* 18

p.Arg173Cys 71 44* 27* 89* 103 51* 97* 104* 102* 55 13*

p.Ser170Ile Both 107* 49* 52* 105 77 27 124 95 112* 66* 24*

Residues Key

WPD loop: residues 88–98 ATP A binding motif: residues 122–136 motif 1: residues 169–180 motif 4: residues 321–334

P loop: residues 123–131 ATP B binding motif: residues 60–73 motif 2: residues 250–259 Linker: residues 185–191

TI loop: residues 160–171 CBR3 loop: residues 260–269 motif 3: residues 264–276

17 germline missense PTEN mutations associated with ASD only or cancer only, mutations shared across both phenotypes (shared), and one mutation with co-
existing ASD and cancer (both). Inversely correlated regions are marked with an asterisk, indicating either a 20% increase or decrease compared to the WT.
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cancer-associated variants also demonstrate more interac-

tions between His123 and residues Tyr68 and Tyr76, which

lie within the ATP-B binding motif. The identification of

these P loop hub residues, in addition to residue Gln171,

reveals salient structural communication specific to can-

cer-associated variants among the P loop, ATP-B binding

motif, and inter-domain region. Interestingly, residue

Arg130 is a critical hub residue in cancer-associated vari-

ants. Mutations at this position seen in both cancer

(only)-associated variants and variants that can result in

ASD or cancer phenotypes in different individuals reveal

an increase in structural stability, exhibiting a more rigid

inter-domain as previously described.22 Moreover, within

the RINmodel, Arg130 participates in a structural-commu-

nication pathway between proximal and distal sites

(e.g., Arg130-Met134-Asn94-Gln171). The interaction of

Arg130 with these proximal and distal sites expands the

stiffness of the network and therefore leads to a more

closed active site for cancer-associated variants. The
10 The American Journal of Human Genetics 104, 1–18, May 2, 2019
changes in connectivity within the WPD loop reveal

that ASD-associated variants have more hub residues

in the ATP-B binding motif, from 41 to 54 total

connected interactions, compared to cancer-associated

variants (Figure 4B).

Interestingly, mutation-induced conformational changes

associated with PTEN-ASD also reveal an increase in

degree connectivity in motifs 3 and 4 within the inter-

domain region, further indicating the consequential ef-

fects of conformational changes on long-range commu-

nication. In contrast to ASD-associated variants, the

loss of structural communication between the WPD

loop hub residues and the ATP-B binding site generally

occurs in cancer-associated variants. This apparent loss

of inter-residue communication reveals the induced

conformation changes associated with PTEN-cancer mu-

tations, resulting in an increased inter-residue signal

propagation in motif 1 residues. Moreover, because of

changes in connectivity in the ATP-B binding motif in



Figure 4. Residue Interaction Connectivity in Catalytic Loops of ASD- and Cancer-Associated Mutations
Connectivity in (A) the P loop (residues 123–131), (B) the WPD loop (residues 88–98), and (C) the TI loop (residues 160–171). The
size and color of the nodes within the residue-interaction network indicate the importance of the hub node in the network,
revealing it as a key player in structural communication (e.g., expansion in size and progression toward red color indicate increasing
connectivity).

Please cite this article in press as: Smith et al., Conformational Dynamics and Allosteric Regulation Landscapes of Germline PTEN Mutations
Associated with Autism Compared..., The American Journal of Human Genetics (2019), https://doi.org/10.1016/j.ajhg.2019.03.009
ASD- versus cancer-associated variants, we would expect

ATP binding to be more favorable in ASD-associated var-

iants compared to WT.

Connectivity differences in the TI loop reveal that ASD-

associated variants have more hub residues (from 25 total

connected interactions to 30) within the WPD loop

compared to cancer-associated variants (Figure 4C). More-

over, ASD-associated variants reveal a structural-communi-

cation pathway that participates in proximal hub sites,

whereas the structural-communication pathway in can-

cer-associated variants participates in both proximal and

distal hub sites. This structural rearrangement seen in can-

cer-associated variants can be attributed to global confor-

mations of the TI loop (Figure S7).
The
A Global Metapath of Communication Reveals Distinct,

Long-range Communication Pathways Associated with

ASD and Cancer

To identify a specific global metapath of communication

within the structure of ASD- and cancer-associated vari-

ants, a mixed protein structure network (PSN) and elastic

network model (ENM) approach was employed.30,59,60

ASD- versus cancer-associated-mutation-induced confor-

mational dynamics exert differential impact on structural

communication, and this impact can be examined by rep-

resenting PTEN structures as an elastic network of interact-

ing residues. We utilized the PSN analysis to deduce the

effects that mutations have on the native PTEN fingerprint

and to identify key hub residues that govern allosteric
American Journal of Human Genetics 104, 1–18, May 2, 2019 11



Figure 5. Global Metapath of Communication
in ASD- and Cancer-Associated Mutations
The figure shows (A) ASD only, (B) cancer only,
(C) mutations shared across both phenotypes,
and (D) one mutation resulting in co-existing
ASD and cancer. The metapath outlines critical
nodes where the spheres (cyan) are centered on
C-alpha atoms and the diameter is proportional
to the number of edges made by the node.
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regulation within the long-range communication path-

way. A detailed comparison of the communication paths

between ASD- versus cancer-associated variants allows us

to identify distinct, long-range, salient communication

pathways.

Our results reveal that the ASD-associated global meta-

path has a distinguishable pathway that illustrates the

global metapath traversing through nodes in the WPD

loop (residues 88–98) of the active site, moving into the

core of the protein (e.g., motif 1), and spreading to residue

Trp274 of motif 3 within the C2 domain (Figure 5A). Most

notably, the global metapath is predominantly restricted

to the phosphatase domain within the ASD-associated var-

iants. Conversely, the cancer-associated global metapath

extends from the N-terminal region of the protein struc-

ture and distinctly spreads across the inter-domain inter-

face (Figure 5B). Interestingly, cancer-associated variants

demonstrate a more clustered pathway concentrated in

their core (inter-domain interface).
12 The American Journal of Human Genetics 104, 1–18, May 2, 2019
The global metapaths involving the

mutations that can be associated with

either ASD or with cancer (c.389G>A [p.

Arg130Gln], c.406T>C [p.Cys136Arg],

c.464A>G [p.Tyr155Cys], and c.517C>T

[p.Arg173Cys]), as well as the c.509G>T

(p.Ser170Ile) variant seen in both ASD

and cancer in a single individual, had the

active-site loops involved in their path-

ways. Most notable was theWPD loop (res-

idues 88–98), which contains the acidic

Asp92 that participates in catalysis (Figures

5C and 5D). These pathways share several

other features that consist of hub residues

containing both ATP-binding sites (resi-

dues 60–73 and 122–136) and motif 3 (res-

idues 264–276), which governs flexibility

of the CBR3 loop (residues 260–269). The

minimal involvement of the inter-domain

region can be attributed to the fact

that half of these mutations (c.389G>A

[p.Arg130Gln], c.464A>G [p.Tyr155Cys],

and c.517C>T [p.Arg173Cys]) are in the

central core of the protein; therefore, there

is a decrease in the normal interactions

required for long-range communication.

This further emphasizes the role of the

highly conserved Arg130 and Arg173 posi-
tions, both in structural stability and allosteric communi-

cation, because they are integral hub residues participating

in both open and closed conformational states.

Overall, the global metapath of each mutant PTEN

phenotype highlights the inter-domain interface as a

crucial region that participates both in the stability of the

core and in the overall dynamics of the protein (Figure 5

and Table 3). Our results indicate that cancer-associated

variants are distinct in that they possess a global metapath

communication pathway that propagates across the entire

protein structure and comprises critical inter-domain hub

nodes that govern allosteric communication (Figure 5B).
Discussion

To date, there have been no reports aimed at unraveling

the human interactome of genes/proteins associated with

both ASD and cancer. Moreover, inter-residue, long-range



Table 3. Summary of Main Findings in Germline PTEN Missense
Mutations Associated with ASD Versus Mutations Associated with
Cancer

Autism Spectrum Disorder Cancer

open active site closed active site

significant network centrality
peaks in N-terminal and inter-
domain interface

significant network centrality
peaks across both domains and
inter-domain interface

phosphatase-restricted structural
communication pathway

long-range structural
communication pathway – nodes
in active-site and inter-domain
region

Please cite this article in press as: Smith et al., Conformational Dynamics and Allosteric Regulation Landscapes of Germline PTEN Mutations
Associated with Autism Compared..., The American Journal of Human Genetics (2019), https://doi.org/10.1016/j.ajhg.2019.03.009
structural communication, as well as allosteric regulation,

has not been previously reported in ASD (only)- or cancer

(only)-associated germline PTEN missense variants. As

such, we integrated network-proximity analysis performed

on the human interactome, molecular-dynamics simula-

tions, and RIN analysis to investigate the relationship of

functional dynamics, structural-communication path-

ways, and long-range allosteric regulation within ASD-

associated (PTEN-ASD) versus cancer-associated germline

PTEN (PTEN-cancer) missense variants. Our results provide

new insight into a possible PTEN allostery mechanism that

governs salient structural-communication pathways and

perturbations in the human protein-protein interactome

networkmodel.We demonstrate that the PTEN influencers

share significant overlap with the ASD and cancer interac-

tomes, providing network-based evidence that PTEN is

a crucial player in the biology of both ASD and cancer.

We identified altered, inter-residue interactions that

coordinate key functional centers that might govern

long-range allosteric regulation, and we found distinct dif-

ferences between the ASD- and cancer-associated PTEN

germline variants (Figure S1 and Table 3). Our results high-

light the critical role of mutation-induced conformational

dynamics associated with PTEN-ASD or PTEN-cancer

missense variants and offer novel perspectives in long-

range allosteric regulation, and they are an important

step in predicting effects of germline PTEN missense

variants.

Our dynamics-based network approach, in which we uti-

lized the results of MD simulations, allowed us to deter-

mine the depth and distribution of highly connected

residues in ASD- versus cancer-associated PTEN germline

variants. In comparison to ASD-associated variants, can-

cer-associated variants demonstrate more connectivity

for core residues, identifying them as critical hubs for

signal propagation (Figure 2). This might be due, in part,

to compensation from decreased thermostability and dele-

terious conformational changes.74 We have shown that

cancer-associated germline PTEN variants tend to be

highly destabilizing, affecting the entirety of the three-

dimensional structure.22 Additionally, a loss of surface-res-

idue interaction further revealed that the core residues are

key players in small-world communication, underscoring

the extent to which the RIN can be perturbed, even at
The
long distances (Figure 2 and Table 3). Such long-distance

communication through residues can affect catalysis, as

seen in missense mutations and double mutations >15 Å

from the active site.75–77 Moreover, it is well established

that mutations that introduce residues that increase the

molecular volume decrease structural stability, as we previ-

ously demonstrated for cancer-associated mutations.22,78

The central finding of our study is that distinct struc-

tural-communication-pathway signatures exist for ASD-

associated compared to cancer-associated variants. The

specific signature for cancer-associated variants is governed

by critical nodes, which include the highly conserved

active-site loops and inter-domain region. We found that

global features that differentiate critical nodes include de-

gree connectivity, significant betweenness and closeness

centrality that mediate structural communication, and

allosteric signal propagations. Our results revealed signifi-

cant centrality peaks related to critical functional residues

across both ASD versus cancer phenotypes (Figures S4

and S6). Interestingly, the c.509G>T (p.Ser170Ile) muta-

tion, occurring in an individual with both ASD and cancer,

demonstrated no significant peaks for betweenness cen-

trality (Figure S4D and Table 3). This might be due, in

part, to the fact that this residue position is located within

both the active-site TI loop and a rich-hydrogen-bond

network of the inter-domain region of PTEN, and this po-

sition diminishes long-range communication and allo-

steric effects. In fact, a missense mutation at this position

leads to decreased dynamics across the inter-domain re-

gion and the CBR3 loop.22 Mutations in position Ser170

have been previously reported in multiple individuals

with cancer,12,79 further demonstrating the importance

of this position as a hub for allosteric regulation. Moreover,

Ser170 was found to be generally intolerant to mutation,

whereby most changes induce a decrease in the steady-

state protein abundance, emphasizing the importance

this position plays in maintaining the structural integrity

ofWT PTEN.80 This finding further highlights this position

as a long-range-allosteric-communication hub that is spe-

cific to cancer-associated variants (Figures S4A–S4D and

S6A–S6D). In fact, possible allosteric pathways involving

the inter-domain region were found to correspond with re-

gions that most efficiently propagate signals in response to

external perturbations, as demonstrated by Verkhivker

(2018),24 whereby mutations in these positions associate

with severe phenotypes.

Our results demonstrate that global conformational

changes within the active site correspond with significant

network-centrality values, indicating that the structural

rearrangement of key mediating centers is enriched by res-

idues located in the active-site loops, CBR3 loop, and inter-

domain interface (Figures S4A–S4D and S7). Differences

seen in connectivity reveal changes in hub residues within

the three active-site loops (WPD, P, and TI loops) in ASD-

versus cancer-associated variants (Figure 4 and Table 3).

Mutations in residues within this catalytic region might

give rise to global changes that shift the conformational
American Journal of Human Genetics 104, 1–18, May 2, 2019 13
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dynamics related to ASD compared to cancer. Because allo-

steric effects involve the release of strain energy through

fluctuation and changes in van der Waals contacts and

hydrogen bonds,81 signal propagation is more efficient in

a tightly packed environment with high atomic den-

sity.82 Therefore, mutation-induced conformational dy-

namics seen in cancer-associated variants lead to a more

packed and closed active-site conformation, eliciting an

allosteric effect induced by long-range perturbations from

the active site to the inter-domain. Furthermore, confor-

mational changes associated with PTEN-cancer variants

that affect connectivity in the WPD loop demonstrate a

structural-communication loss that results in an increased

inter-residue signal propagation in motif 1 residues in the

ATP-B binding site. In contrast, PTEN-ASD variants exhibit

conformational changes that generally restore direct

communication between the ATP-B binding region and

both motifs 3 and 4. These changes, occurring within the

inter-domain region, might be functionally related to the

opening of the WPD and P loops. Our findings on muta-

tion-induced conformational dynamics that lead to an

open versus closed active site seen in ASD- and cancer-asso-

ciated variants, respectively, are also in agreement with

functional studies by Spinelli et al. (2015). These studies

demonstrate effects of allelic variants in vitro that that

lead to the partial loss of function of PTEN enzymatic activ-

ity and seem to be preferentially associated with ASD,

whereas catalytically inactive mutants lead to a more

aggressive phenotype.20

The highly conserved active-site loops, despite their

obvious central role in catalysis, have been subject to

minimal scrutiny in dynamic cross-talk with a possible

allosteric regulation site.22–24 However, our RIN analysis

highlights how different conformations within the

active-site loops mediate long-range interactions between

the active site, N-terminal region, ATP-B binding site,

CBR3 loop, and the inter-domain region, and thus might

play an active role in allostery. In fact, it has been shown

that PI(4,5)P2 binds to N-terminal residues 6–15, thereby

inducing an allosteric conformational change that acti-

vates PTEN.83 In addition, the variant p.Arg15Ala occurs

in human cancers and is reported to reduce PTEN activ-

ity.83 Moreover, the CBR3 loop facilitates membrane bind-

ing, which results in conformational changes that occur in

the active site and leads to the assumption that there is an

allosteric activation mechanism in PTEN (Figure 4).83,84 A

more recent study utilizing neutron scattering combined

with all-atom MD simulations revealed the importance

of the CBR3 loop in membrane and active-site interac-

tions with phosphatidylinositide substrates [PI(4,5)P2
and PI(3,4,5)P3].

85 These inositolphosphates bind more

strongly to the protein in the absence of PIPs bound within

the membrane.85 Additionally, a cluster of contacts of

accumulated PI(4,5)P2 was observed at the C2 domain.

This cluster of contacts populated the CBR3 loop and the

cleft between the phosphatase and C2 domains (inter-

domain). In a recent but separate study, this same region
14 The American Journal of Human Genetics 104, 1–18, May 2, 2019
was implicated to be rather significant for the binding of

a cluster of 5-HT2C receptor a-helical 3L4F-F1 peptide con-

formations.86 Interestingly, previous studies have revealed

that the binding of an aptamer that corresponds to resi-

dues 31–43 induces a slight conformational change in

PTEN and exposes both adjacent ATP-binding regions;

thus, it establishes the existence of a possible allosteric

mechanism not previously described for this tumor sup-

pressor.87,88 These results further implicate the importance

of the ATP-B binding region and CBR3 loop in the inter-

domain dynamics, as well as the communication pathway.

Overall, conformational changes associated with PTEN-

ASD variants affect connectivity in the ATP-B binding

region. This change in connectivity induces direct commu-

nication between motifs 3 and 4, and this communication

might be related to CBR3 regulation and the functional

opening of the WPD and P loops. In contrast, conforma-

tional changes that affect connectivity in the WPD loop

and are associated with PTEN-cancer variants demonstrate

a loss of structural communication in the ATP-B binding

site, and this loss results in an increased inter-residue signal

propagation in motif 1 residues. These mutation-induced

displacements in the active-site pocket elicit long-range,

inter-residue propagation that governs potential allosteric

regulation and plays a key role in modulating the catalytic

function of PTEN that leads to ASD or cancer.

A unique aspect of this work is the utilization of elastic-

network and protein-structure-network modeling to iden-

tify global metapaths of communication within the struc-

ture of ASD- and cancer-associated variants (Figure 5 and

Table 3). We demonstrate that the inter-domain region

acts as a hinge point for collective motions, where hub

behavior and structural communication play a central role

in differentiating the regulatory actions associated with

ASD- and cancer-associated phenotypes. Our results re-

vealed specific pathways of structural communication

where the cancer-associated global metapath distinctly

spreads across the inter-domain interface, whereas the

ASD-associatedglobalmetapath is predominantly restricted

to the phosphatase domain. The inter-domain region is

highlighted as a potential hub that is implicated in allosteric

regulation, whereby nodes cross-talk with the adjacent

active site, suggesting that these regions might be integral

for the coordination of global structural changes.

Overall, the network perturbation and long-range struc-

tural-communication effects of specific mutations on the

PTEN structure, elucidated through our present study, pro-

vide clues into salient structural pathways that lead to ASD

or to cancer (Table 3). Furthermore, our observations begin

to give hints as to mutant PTEN’s allosteric druggability,

which might actually be different for ASD versus cancer

outcomes. An understanding of the allosteric modulation

of PTEN offers rich and diverse opportunities to further

guide clinical management, including targeted therapy,

for individuals with ASD and cancer. In doing so, we might

successfully optimize conformational states for PTEN

function, either by stabilizing active conformations or
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destabilizing inactive conformations. Our results indicate

that the inter-domain region of PTEN forms a potential ba-

sis for allosteric communication, which offers potential

clinical utility as an alternative strategy for effective target-

ing of this region to overcome the clinical morbidities asso-

ciated with ASD and cancer. Our current observations

highlight the importance of utilizing multiple approaches,

such as network perturbations, biophysical simulations,

and RINs, to understand the effects of specific mutations

on PTEN structure and infer possible mechanisms and clin-

ical potentials for allostery in helping to predict ahead of

time whether a specific PTEN variant will have a high like-

lihood of being associated with ASD or with cancer risk, or

both. Our observations provide considerable insight into

the crucial aspects related to novel structural-communica-

tion and network perturbations that contribute to allo-

steric modulation and, essentially, the identification of

the disease-specific molecular features that contribute to

autism or to cancer. This will provide a basis for empiric

studies that will include understanding the targeting of

allosteric differences between PTEN-ASD and PTEN-cancer

and validating in vivo that, indeed, different tactics might

be required in PTEN-ASD-associated allosteric alterations

compared to those of PTEN-cancer.
Supplemental Data
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Figure S1. Schematic illustration of network-centric and molecular simulations 

computational approach supporting interrogation of structural communication 

and network perturbations in ASD and cancer. (A) PTEN Protein-protein interaction 

network perturbation analysis. (B) Three-dimensional structural representation of 

germline PTEN mutations associated with ASD and cancer. (C) Conformational analysis 

of active-site region. (D) Long-range structural communication analysis. 



 

Figure S2. Residue depth profiles across entire PTEN structure for ASD- and 

Cancer-associated germline PTEN mutations. (A) ASD only, (B) cancer only, (C) 



mutations shared across both phenotypes, and (D) one mutation with co-existing ASD 

and cancer. Core and surface residues are indicated in blue and red, respectively. 

  



 

Figure S3. Residue-based betweenness centrality estimation plot profile for co-

existing ASD and cancer associated PTEN germline mutations. Dynamics-based 

analysis of betweenness network centrality for one mutation with co-existing ASD and 

cancer (both). The grey filled curve indicates the complete ∆ distribution, given the 

observed data. In-line with the median of each group, the ∆ is indicated by the black 

circle. The 95% confidence interval of ∆ is illustrated by the vertical black line. 

 

 

 

  



 

Figure S4. Residue-based betweenness centrality profiles for ASD- and cancer-

associated PTEN germline mutations. Dynamics-based analysis of betweenness 

network centrality for (A) ASD only (green), (B) cancer only (cyan), (C) mutations 



shared across both phenotypes (magenta), and (D) one mutation with co-existing ASD 

and cancer (yellow). Critical nodes were evaluated by computing betweenness z-score 

values versus the corresponding residues with a cutoff threshold of absolute value of 2. 

Significant betweenness centrality peaks were mapped to the three-dimensional PTEN 

structure for each phenotype (insets). 

 

 

  



 
 
Figure S5. Residue-based closeness centrality estimation plot profiles for ASD- 

and cancer-associated PTEN germline mutations. Dynamics-based analysis of 

betweenness network centrality for (A) ASD only, (B) cancer only, (C) mutations shared 



across both phenotypes, and (D) one mutation with co-existing ASD and cancer. The 

grey filled curve indicates the complete ∆ distribution, given the observed data. In-line 

with the median of each group, the ∆ is indicated by the black circle. The 95% 

confidence interval of ∆ is illustrated by the vertical black line. 

  



 

 

Figure S6. Residue-based closeness centrality profiles for ASD- and cancer-

associated PTEN germline mutations. Dynamics-based analysis of closeness 

network centrality for (A) ASD only (green), (B) cancer only (cyan), (C) mutations 



shared across both phenotypes (magenta), and (D) one mutation with co-existing ASD 

and cancer (yellow). Critical nodes were evaluated by computing closeness absolute z-

score values versus the corresponding residues with a cutoff threshold of absolute 

value of 2.  

 

  



 

Figure S7. Distinct conformational changes of catalytic active site loops in ASD- 

and cancer-associated mutations. Conformational changes are indicated in a 

collapsed representation of the catalytic P-, WPD-, and TI-loops in ASD only (green), 

cancer only (cyan), mutations shared across both phenotypes (magenta), and one 

mutation with coexisting phenotypes (yellow) in comparison to WT PTEN (black). 

Catalytic residues D92 and R130 are indicated in the separate exploded box depicting 

the orientations as a result of the mutation and subsequent conformational change. 



Figure S8. Mapping of critical regions of connectivity in ASD- and cancer-

associated mutations on PTEN three-dimensional structure. Individual spheres 

correspond to 17 germline missense PTEN mutations represented by ASD only (green), 

cancer only (cyan), mutations shared across both phenotypes (magenta), and one 

mutation with co-existing ASD and cancer (yellow). Critical loops and motifs are labelled 

as follows: ATP-B binding motif (residues 60-73, pink); WPD loop (residues 88-98, 

brown); P loop (residues 123-131, cyan); TI loop (residues 160-171, purple); Motif 1 

(residues 169-180, blue); Motif 2 (residues 250-259, red); Motif 3 (residues 264-276, 

orange) Motif 4 (residues 321-334, yellow); CBR3 loop (residues 260-269, ice blue); 

and Domain linker (residues 185-191, green). Inversely correlated regions (Table 1) are 

designated with stars indicating a 20% increase (red) or decrease (green) compared to 

the WT. 



Table S1. Network proximity (z-score) of PTEN influencers with cancer. 
 

Cancer types 

Network proximity (z-score) 

Somatic mutated 
genes 

Germline mutated 
genes 

BLCA -5.37193 -3.52376 

BRCA -5.41424 -6.16259 

COAD -5.42926 -5.17049 

GBM -5.03282 -3.74066 

LUAD -5.33628 -5.66893 

LUSC -3.85092 -5.51502 

OV -4.1207 -5.66751 

PRAD -5.28076 -6.12764 

SKCM -4.82602 -4.71384 

STAD -4.07305 -3.31335 

THCA -5.04533 -4.7349 

UCEC -5.90411 -3.38584 

Note: 12 cancer types: urothelial bladder carcinoma (BLCA), invasive breast carcinoma 
(BRCA), colon adenocarcinoma (COAD), glioblastoma multiforme (GBM), lung 
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), ovarian serous 
cystadenocarcinoma (OV), prostate adenocarcinoma (PRAD), skin cutaneous 
melanoma (SKCM), stomach adenocarcinoma (STAD), papillary thyroid carcinoma 
(THCA), and uterine corpus endometrial carcinoma (UCEC). Based on our previous 
study, z-score less than -2.0 represent a significant network proximity (p-value less than 
0.05 by permutation test). 
  



Table S2. PSG interaction strength (Imin) network parameter 

PSG Imin
a 

p.L23F 3.03 

p.Y65C 2.86 

p.Y68H 3.25 

p.I101T 3.93 

p.I122S 2.88 

p.L220V 3.76 

p.D24G 2.34 

p.D92A 2.77 

p.R130G 3.00 

p.M134R 2.94 

p.M205V 2.82 

p.L345V 3.49 

p.R130Q 3.35 

p.C136R 3.72 

p.Y155C 2.52 

p.R173C 2.97 

p.S170I 3.57 
aInteraction strength cutoff (%) 
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