
ACC E L E RA T ED COMMUN I CA T I ON

Shape shifting: The multiple conformational substates of
the PTEN N-terminal PIP2-binding domain

Jennifer E. Dawson1,2 | Iris Nira Smith1,2 | William Martin1 |

Krishnendu Khan3 | Feixiong Cheng1,2,4 | Charis Eng1,2,3,5,6,7

1Genomic Medicine Institute, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA
2Cleveland Clinic Lerner College of Medicine, Case Western Reserve University, Cleveland, Ohio, USA
3Department of Cardiovascular and Metabolic Sciences, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA
4Case Comprehensive Cancer Center, Case Western Reserve University School of Medicine, Cleveland, Ohio, USA
5Taussig Cancer Institute, Cleveland Clinic, Cleveland, Ohio, USA
6Department of Genetics and Genome Sciences, Case Western Reserve University School of Medicine, Cleveland, Ohio, USA
7Department of Computational and Systems Biology, School of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA

Correspondence
Charis Eng, Cleveland Clinic, 9500 Euclid
Avenue, NE-50, Cleveland, OH 44195,
USA.
Email: engc@ccf.org

Funding information
Ambrose Monell Cancer Genomic
Medicine Fellowship; Ambrose Monell
Foundation (PTEN-Switch Grant);
National Institute of General Medical
Sciences, Grant/Award Number:
1K99GM143552-01; National Institute on
Aging, Grant/Award Numbers:
R01AG066707, U01AG073323; National
Institutes of Health, Grant/Award
Number: 1S10OD023436-01; Ohio
Supercomputing Center, Grant/Award
Number: PCCF0020

Review Editor: Nir Ben-Tal

Abstract

The Phosphatase and TENsin homolog deleted on chromosome 10 (PTEN) is a

chief regulator of a variety of cellular processes including cell proliferation,

migration, growth, and death. It is also a major tumor suppressor gene that is

frequently mutated or lost under cancerous conditions. PTEN encodes a dual-

specificity (lipid and protein) phosphatase that negatively regulates the PI3K/

AKT/mTOR signaling pathway where the PIP2-binding domain (PBD) regu-

lates the lipid phosphatase function. Unfortunately, despite two decades of

research, a full-length structure of PTEN remains elusive, leaving open ques-

tions regarding PTEN's disordered regions that mediate protein stability, post-

translational modifications, protein–protein interactions, while also hindering

the design of small molecules that can regulate PTEN's function. Here, we uti-

lized a combination of crosslinking mass spectrometry, in silico predicted

structural modeling (including AlphaFold2), molecular docking, molecular

dynamics simulations, and residue interaction network modeling to obtain

structural details and molecular insight into the behavior of the PBD of PTEN.

Our study shows that the PBD exists in multiple conformations which suggests

its ability to regulate PTEN's variety of functions. Studying how these specific

conformational substates contribute to PTEN function is imperative to defining

its function in disease pathogenesis, and to delineate ways to modulate its

tumor suppressor activity.
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1 | INTRODUCTION

PTEN is one of the most frequently somatically mutated
tumor suppressor genes in a wide spectrum of human
cancers.1–4 PTEN encodes a dual-specificity (lipid and
protein) phosphatase that inhibits the PI3K/AKT/mTOR
signaling pathway, thereby controlling a plethora of cel-
lular processes. The protein antagonizes the pathway by
dephosphorylating the lipid phosphatidylinositol (3,4,5)-
triphosphate (PIP3) to phosphatidylinositol (4,5)-
bisphosphate (PIP2).

1–3 Individuals with germline PTEN
mutations are diagnosed with PTEN hamartoma tumor
syndrome (PHTS) characterized by high risks of early-
onset breast, thyroid, and other cancers.

The N-terminal tail of PTEN (or the PIP2-binding
domain, PBD) is a critical regulatory region involved in
the enzymatic activation of PTEN. Residues 6–15 of PBD
bind PIP2

5,6 and activate PTEN lipid phosphatase
function,5,7,8 particularly residues K13, R14, and R15.9 In
cells, PIP2 binding helps recruit PTEN to the
membrane,10 as well as enhancing its activity.11

Decreased PTEN phosphatase activity in the cytoplasm
suggests that the exchange between multiple PTEN con-
formations controls its phosphatase activity: a high activ-
ity conformation at the membrane bound to PIP2, and
lower activity and inactive conformations in solution.12

The exchange between low and high activity PTEN in
solution is affected by K13A and the PTEN-L isoform,
which alter PBD and perturb PTEN phosphatase func-
tion.13 The PTEN PBD is predicted to be intrinsically dis-
ordered14,15 and this region is missing or incomplete in
X-ray crystal structures,16–18 suggesting a dynamic region
that could adopt multiple conformations.

Integrative structural modeling combines informa-
tion from multiple sources to solve structures that
would not otherwise be obtainable.19,20 Critical regula-
tory regions in PTEN—PBD, the intrinsically disordered
region, and the C-terminal tail—are missing or incom-
plete in X-ray structures.16–18 NMR reveals that PBD
binds to the rest of PTEN homolog VSP.18 Here, we
combine experimental (crosslinking mass spectrometry
or XL-MS), computational in silico protein prediction
methods (AlphaFold2, RoseTTAFold, and I-TASSER),
and molecular dynamics methods to determine the mul-
tiple conformational states of the PTEN PBD. We show
that the PBD is a “shape shifter” that can exist in multi-
ple conformational states with its positioning affecting
the PTEN catalytic residues.

2 | RESULTS

2.1 | Multiple observed and predicted
PBD intermolecular binding sites on PTEN

Impressive improvements have been made recently in pro-
tein structure prediction. In previous work, we constructed a
full-length model of PTEN21 using I-TASSER.22,23 Now, tak-
ing advantage of next-generation Deep Machine Learning
methods, we have constructed full-length models of PTEN
using AlphaFold224–26 and RoseTTAFold.27 Intriguingly,
each of these methods predicted the PIP2-binding domain
(PBD) in a different conformational state (Figure 1a,
Figure S1 and Table S1 for model quality assessment and
reproducibility of PBD orientation). An α-helix occupies the
first ~10 residues in these structures with the remaining resi-
dues adopting a loop and short two-strand β-sheet. PBD's
from the AlphaFold2 and RoseTTAFold models, and the
partial PBD from a recent crystal structure18 (PDBID 7JUL),
are present near the PTEN catalytic residues in the phospha-
tase domain (PD). The RoseTTAFold PBD overlays best with
the partial 7JUL PBD, but the AlphaFold2 helix is bound in
a different orientation. In contrast, the I-TASSER predicted
PBD is remote from the catalytic residues.

PBD conformational states can be rationalized by pat-
terns of amino acid residue types and sequence conservation.
The I-TASSER PBD binds to a large patch of hydrophobic
and aromatic residues (Figure S3a). In contrast, charged resi-
dues are observed on either end of the AlphaFold2 helix with
a potential salt-bridge between K13 and D24, suggesting a
more electrostatic driven interaction (Figure S3b). Based on
sequence conservation and binding interface prediction
methods (ConSurf28–31 and CPORT32), the AlphaFold2 and
RoseTTAFold PBD helices bind to highly conserved regions
that are predicted to be binding hotspots, while the I-
TASSER helix lies in a more variable region at the periphery
of the predicted interface (Figure S3c,d). Overall, the patterns
of amino acids, conservation, and interface predictions offer
a large potential area for PBD binding to the PD, stretching
from the catalytic residues, up toward the “top” of the PD.

2.2 | Predicted full-length PTEN
structures do not satisfy all experimental
XL-MS crosslinks

AlphaFold2, RoseTTAFold, and I-TASSER each predict
different PBD conformational states. To confirm which
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model predicts the most accurate PTEN structure,
crosslinking mass spectrometry (XL-MS) was performed
with DSSO, which chemically crosslinks solvent-exposed
proximal lysine residues33 and BMSO that crosslinks
proximal cysteines.34 The effective (Cα-Cα) lengths of
these crosslinks are 30 Å and 45 Å, respectively,34–36

offering a way of testing the plausibility of predicted
structures. Thirty-one crosslinks (Table S2) were used to
test these structures, with no predicted structure satisfy-
ing all the observed crosslinks (Figure 1b–d, Table S3). In
all three models, the K144–K342 distance is too long,
with the remaining modeling violations involving PBD.
The K6–K144 crosslink is not satisfied for the AlphaFold2
and RoseTTAFold PBD, which are both by the catalytic
residues. Additionally, the RoseTTAFold structure cannot
satisfy the K6-K62 crosslink. In contrast, the I-TASSER
PBD satisfies both sets of crosslinks, but not the K6-K80.
These observations suggest that either PBD binds to a site
other than the predicted ones or that the XL-MS data are
sampling multiple PBD conformational states.

2.3 | Multiple PBD binding orientations
observed during HADDOCK docking

Multiple PBD conformational states were predicted by the
HADDOCK docking program depending on initial PBD
positions, distance restraints, flexibility of residues, and
ambiguous restraints (Table S4 and Table S9). HADDOCK
allows ambiguous distance restraints, meaning that during
model minimization, HADDOCK may eliminate restraints,
which can be useful when sampling multiple conforma-
tions.37,38 Altering the initial PBD position (Figure S4a and
Table S4 test 1) between the AlphaFold2, I-TASSER, or a
remote site changes the distribution of PBD conformations
between the AlphaFold2 and I-TASSER sites, as well as a
site in between (mid site) (Figure S4b). Based on observed
PBD crosslinks, flexible residues and 11 ambiguous distance
restraints were used to explore the possibility of multiple
PBD conformations. HADDOCK treats PBD as separate
from the rest of PTEN, so an unambiguous distance
restraint was added between the “cut” ends. When it is
modeled as an α-helix with a flexible linker (residues 11–
22), the AlphaFold2 and mid sites are favored (Figure S4f
and Table S4 test 5). PBD at the mid site satisfies more of
the crosslinks than when it was at the AlphaFold2 site
(Table S5), which suggests the mid site as a possible PBD
binding orientation. If residues 1–24 are flexible (Table S4
test 6), PBD favors both the I-TASSER and AlphaFold2 posi-
tions, which supports the PBD binding multistate model.
PBD at the AlphaFold2 orientation favors an α-helical con-
formation and the I-TASSER orientation is more disordered
(Figure 2a, S6 and S7).

FIGURE 1 Testingmultiple predicted PIP2-binding domain (PBD)

binding orientationswith experimental XL-MS crosslinks. (a) X-ray

structures of truncated PTEN (PBDID 1D5R and 7JUL) overlaidwith the

full-length PTENpredicted by I-TASSER, AlphaFold2, and

RoseTTAFold. The phosphatase (PD) and C2 domains are in gray with

the intrinsically disordered region and C-terminal tail removed for clarity

where applicable. The catalytic residues are shown in red in stick

representation. The PBD (in teal, residues 1–24with linker) predicted by

I-TASSER interacts with the top of the PTENPD,while the PBD's

predicted byAlphaFold2 and RoseTTAFold are in pink and purple,

respectively. The partial PBD (residues 7–24) from the 7JULX-ray

structure is shown in gold. The AlphaFold2, RoseTTAFold, and 7JUL

PBD are by the catalytic residues. (b–d) XL-MS crosslinksmapped onto

PTEN structure. Cα-Cα distances within the effective length of the

crosslinker (≤30 Å for DSSO,≤45 Å for BMSO) are indicated with cyan

dashed lines and those that are too long as red dashed lines.

(b) I-TASSER PTEN structure. (c) AlphaFold2 PTEN structure.

(d) RoseTTAFold PTEN structure. As before, the I-TASSER, AlphaFold2,

and RoseTTAFold PBD are in teal, pink, and purple, respectively
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2.4 | Rosetta modeling supports the
multistate PBD binding orientation
hypothesis

Rosetta modeling can incorporate experimental
restraints39–41 and model interdomain interactions. As
with HADDOCK, the choice of initial structure and how
the restraints are applied can affect the final model
(Figure S2 for Rosetta convergence and Table S9 for
model quality assessment). When the initial I-TASSER
structure and the full 31 restraint set were used, the three
lowest energy structures have extended α-helices near the
initial I-TASSER PBD binding site, but oriented at a dif-
ferent angle (Figure 2b). When the AlphaFold2 model
and full restraint set were used, the final models were
similar to the initial PBD binding (Figure 2c). The
AlphaFold2 model did not satisfy the K6–K144 and
K144––K342 crosslinks, while the I-TASSER model did
not satisfy the K6–K80, K6–K327, and K144–K342 cross-
links (Figure 1b, Table S3). We used limited restraint sets
to explore the possibility of multiple PBD binding states.
One set used the I-TASSER model as an initial structure,
but excluded the K6–K80, K6–K327, K6–K330, and K6–
K330 restraints (Table S8c). The I-TASSER-based simula-
tion with this set still produced an extended helix, but
two of the lowest energy structures have a kink that align
them with the initial I-TASSER PBD orientation
(Figure 2d). The final set used the AlphaFold2 model as
an initial structure but excluded the K6–K144 and K144–
K342 restraints (Table S8d). This simulation resulted in
more variability in the final orientation than the other
simulations (Figure 2e), which is interesting given the
variation in binding near the catalytic residues by the
AlphaFold2 and RoseTTAFold models and the 7JUL
structure.

2.5 | Inter-residue cross-correlation of
PBD K13–D24 salt-bridge reveals
cooperative and competitive interaction
sites

The PBD activates PTEN phosphatase function,5,7,8

suggesting coupling between it and the catalytic/active
site. We used the CONtact ANalysis (CONAN) tool42 to
analyze the time course of molecular dynamics simula-
tions and explore PTEN inter-residue contacts and
dynamics. In the I-TASSER model, PBD is distal from the
active site, whereas it is packed against the active site in
both the AlphaFold2 and RoseTTAFold models
(Figures 1a and 3), demonstrating that it explores multi-
ple states. The AlphaFold2 site is the most variable
within its biggest structural cluster and between MD

FIGURE 2 Integrative modeling of PTEN PBD and PD-C2

using crosslinking, HADDOCK and Rosetta. (a) Docking of

PTEN PBD and PD-C2 with HADDOCK and experimental

crosslinks. The docked PBD are shown in various shades of blue

overlaid onto the PD-C2 superdomain (in gray). Each PBD

represents one of five of the lowest energy clusters from

HADDOCK docking (Table S4 test 6). The AlphaFold2 and I-

TASSER PBD are shown as reference in pink and teal,

respectively. The docked PBD sample both the AlphaFold2 and I-

TASSER predicted binding sites with the PBD at the AlphaFold2

site displaying more α-helical propensity. (b,c) Intermolecular

binding between PBD and PD-C2 using Rosetta Comparative

Modeling. (b) Modeling PBD interactions with all 31 observed

crosslinks (Table S2) using I-TASSER PTEN structure as the

initial structure (PBD shown in teal). The PBD from the three

lowest energy structures from Rosetta were overlaid in blue.

(c) Modeling PBD interactions with all 31 observed crosslinks

using AlphaFold2 PTEN structure with the initial PBD

orientation in pink and the lowest energy structures in blue.

(d,e) Modeling a two-state PBD model. Neither the AlphaFold2

nor the ITASSER PTEN structures satisfy all of the observed

crosslinks (Figure 1b–d, Table S3). Here, we test if crosslinking

observes exchange between two sites using Rosetta modeling

with a limited set of crosslinks to constrain binding to one or

another site. (d) Starting from the I-TASSER structure (teal).

(e) Starting from the AlphaFold2 structure (pink). The modeled

PBD in shades of blue
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FIGURE 3 PBD intra-molecular interaction analysis for full-length WT PTEN structure. Interaction between amino acid residues K13–
D24 for the (a) I-TASSER (top inset), (b) AlphaFold2 (middle inset), and (c) RoseTTAFold (bottom inset) models. PBD conformations (left

panel) are colored in cyan, pink, and purple for the I-TASSER, AlphaFold2, and RoseTTAFold models, respectively. The K13 and D24 amino

acid residues involved in salt-bridge interaction are depicted in licorice representation. The time evolution and forming of a salt-bridge

between K13 and D24 is shown in the right panel
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replicates (Figures S5 and S6). Residue K13 is important
for PIP2 binding and PTEN activation.9,13 The distance
between residues K13 and D24 was used to distinguish
between PBD conformational states and probe inter-
residue contacts (Figure S7, left panels). These residues
are close in the AlphaFold2 model, likely forming a salt-
bridge. In the I-TASSER model, the distance between
K13 and D24 is considerably larger, with brief periods
close to each other, making interaction unlikely (Figure 3
and Figure S7a left panel). The PTEN active site is formed
by the TI, WPD, and P loops. In the AlphaFold2 model,
the intrinsically disordered region and active site TI loop
positively correlate with PBD residues K13–D24 and
behave in a cooperative manner (Figure S7b, right panel).
In contrast, in the RoseTTAFold model, active site resi-
dues (in P and WPD loops) behave in a competitive man-
ner (Figure S7c, right panel). These interaction patterns
suggest that different PBD orientations have distinct con-
sequences to the PTEN active site. A “control” MD simu-
lation of truncated PTEN missing the PBD (delPBD)
reveals how its absence greatly diminishes correlative
active site inter-residue contacts (Figure S7d).

2.6 | PBD conformational changes
correlates with dynamic regions and
influence communication in the active site

To identify critical residues that communicate PBD con-
formational changes within PTEN, we examined the resi-
due interaction network (RIN) connectivity in PBD and
catalytic residues. RINs have been utilized to identify crit-
ical nodes (residues), which have a high degree of con-
nectivity (>4 edges, interactions)43 and are crucial for
structural stability, signal propagation, and protein func-
tion.44 The RIN distributions reveal distinct connectivity
differences between the PBD and active site in each of
the predicted models. This might be, in part, due to coop-
erative conformational dynamics formed between PBD
residues K13 and D24 and highly conserved residues
within the active site (C124 and R130), suggesting rapid
signal propagation through a small network of core resi-
dues. For the active site residues, R130 is a hub residue in
all models with a high degree of network connectivity
(Figure S7, middle panels), but decreased connectivity is
seen for R130 in the AlphaFold2 model (Figure S7b, mid-
dle panel). A decrease in connectivity is seen in residues
R130 and C124 in the delPBD PTEN “control” model,
suggesting that deletion of the PBD diminishes signal
propagation and possible catalytic function. M134 is a
critical active site hub residue in AlphaFold2 and Ros-
eTTAFold models, but not the I-TASSER model,
suggesting that, while M134 plays a role in functional

signal transmission, a shift in PBD conformation changes
its importance in PTEN communication networks
(Figure S7b and 7c, middle and right panels). Changes in
connectivity that disrupt these interactions would also
disrupt overall PTEN function. Our results suggest that
PBD residues have cooperative conformational dynamics
and strong connectivity for active site residues, identify-
ing them as critical hubs for signal propagation.

Disordered proteins often display many conforma-
tional substates explained by a rugged energy landscape,
allowing multiple binding modes.45 Protein “energetic
frustration” is a useful concept for predicting locally
dynamic regions46–49 in the predicted structures. To sam-
ple the PTEN free energy landscape,49 we applied a
frustratometer algorithm46–48 to quantify the residual
local frustration in the predicted structures. Each
predicted PTEN structure displays different PBD frustra-
tion patterns, stabilized by conformation-specific frustra-
tion interactions, but PBD regions are highly frustrated
regions within each of the models (Figure 4 right panels),
which suggests it is a critical functional region. Regions
where large-scale conformational changes occur are often
enriched in patches of highly frustrated interactions,
thereby identifying regions that influence protein
function.46

3 | DISCUSSION

The recent success of integrative structural biology
approaches, including AlphaFold2 structure prediction,24

has led to considerable discussion and excitement for the
future of structure prediction and determination.50 Our
integrative structural approach, incorporating experimen-
tal crosslinks with in silico methods, identified multiple
PBD states for the full-length WT PTEN. A recent X-ray
structure18 [PBDID 7JUL] was consistent with the Ros-
eTTAFold prediction. None of the predicted models sat-
isfy all crosslinks, suggesting either incorrect predictions
by the algorithms or the presence of multiple orientations
of this domain. HADDOCK models suggest that PBD is
α-helical near the active site of PTEN and more disor-
dered at other sites. The MD simulations and frustration
metrics48 reveal that it exists in a disordered state with
exchange between multiple conformations.

PBD conformational position affects the catalytic resi-
dues, suggesting a mechanism explaining the low- and
high-activity catalytic states.13 In the AlphaFold2 and
RoseTTAFold models, it is proximal to the active site
and their residues are communication hubs connecting
them to other residues. It is distal to the active site in the
I-TASSER model, located in a patch of hydrophobic and
aromatic residues, and its interaction network is a larger
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cluster of residues more suggestive of a binding site. Resi-
due M134 is a critical active site hub residue in the
AlphaFold2 and RoseTTAFold model, but not in the I-
TASSER model. M134 mutations result in compromised
lipid phosphatase activity51–53 and are associated with
breast cancer52 and Bannayan–Riley–Ruvalcaba
syndrome,52,54 supporting the functional importance of
this residue. Moreover, PBD conformations affect the
electrostatic distribution at the active site, potentially
changing the binding of the negatively charged PIP3
(Figure S8). PBD mutations can have complex conse-
quences to phosphatase function. For example, K13A
PTEN has decreased phosphatase function in vitro,5,13,55

but binds PIP2 and functions in vivo.7,55,56 Taken
together, our results represent an important step in inte-
grative structural modeling, especially the use of next
generation structure prediction methods, which provide a
potential structural explanation for PTEN activation
by PIP2.

4 | MATERIALS AND METHODS

The Materials and Methods are presented in full detail in
the Supplementary Materials. In brief, full-length wil-
dtype (WT) human PTEN (residues 1–403) was expressed
with a C-terminal 6-His tag (a gift from Alonzo Ross
[addgene plasmid #20741])57 and purified using a modi-
fied protocol (Redfern et al.,57 Johnston and Raines58).
The full-length PTEN models were predicted using
AlphaFold2,24,26 RoseTTAFold,27 and I-TASSER
(as previously described21). PBD orientation reproducibil-
ity and model quality assessment (pLDDT59,60) are shown
in Figure S1 and Table S1. WT PTEN crosslinking was
done with DSSO (Lys–Lys) and BMSO (Cys–Cys) cros-
slinkers using previously described protocols (Khan
et al.,61,62 Klykov et al.,63 Gutierrez et al.34). Crosslinking-
based restraints were incorporated into PTEN models
using the HADDOCK 2.4 webserver64,65 and the Rosetta
Comparative Modeling protocol.66 Model quality

FIGURE 4 Local frustration in full-

length WT PTEN structure. Projection

plot of local frustration distributions

along the sequence (left panel), local

frustration patterns across structure

(middle panel), and PBD local

frustration patterns depicting residue

interactions (right inset panel) for (a) I-

TASSER, (b) AlphaFold2, and

(c) RoseTTAFold models. The local

frustration patterns of the full-length

WT PTEN protein, with the minimally

frustrated interactions shown in green,

neutral contacts shown in gray, and

highly frustrated interactions are shown

in red. The backbones of the proteins

are shown as gray cartoons, minimally

frustrated contacts are depicted with

green lines, highly frustrated

interactions are depicted with red lines.

Neutral interactions were omitted for

clarity. Highly frustrated areas in

projection plot are indicated in black

spheres
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assessments are listed in Table S9. Binding interface and
sequence conservation predictions were aided by the
CPORT32 and ConSurf28 programs, respectively. All-atom
molecular dynamics (MD) simulations were conducted
using GROMACS 2018.2 software67 with CHARMM36m
forcefield.68 The MD simulations were analyzed utilizing
the GROMOS clustering algorithm,69 inter-residue CON-
tact ANalysis (CONAN),42 Residue Interaction Network
(RIN) analysis,70 and residual local frustration analysis.46
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