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The vast diversity of protein phosphatase 2A (PP2A) holoenzyme composi-

tion ensures its multifaceted role in the regulation of cellular growth and

signal transduction. In several pathological conditions, such as cancer,

PP2A is inhibited by endogenous inhibitor proteins. Several PP2A inhibitor

proteins have been identified, one of which is a-endosulfine (ENSA).

ENSA inhibits PP2A activity when it is phosphorylated at Ser67 by Great-

wall (Gwl) kinase. The role of ENSA in PP2A inhibition is rather well

characterized, but knowledge of the mechanism of inhibition is scarce. In

this study, we have performed comprehensive structural characterization of

ENSA, and its interaction with PP2A A- and various B56-subunit isoforms

by combining NMR spectroscopy, small-angle X-ray scattering (SAXS)

and interaction assays. The results clearly indicate that ENSA is an intrin-

sically disordered protein containing three transient a-helical structures.

ENSA was observed to interact PP2A mainly via A-subunit, as the affinity

with the A-subunit is significantly stronger than with any of the B56 sub-

units. Based on our results, it seems that ENSA follows the dock-and-

coalesce mechanism in associating with PP2A A-subunit. Taken together,

our results provide an essential structural and molecular framework to

understanding molecular bases of ENSA-mediated PP2A inhibition, which

is crucial for the development of new therapies for diseases linked to PP2A

inhibition.

Introduction

Human a-endosulfine belongs to endosulfine

family and is closely related to cAMP-regulated

phosphoprotein-19 (ARPP-19) but encoded by distinct

genes [1]. ENSA is expressed in broad spectrum of tis-

sues suggesting its role in multiple physiological pro-

cesses. The expression level of ENSA is high in

muscles and brain and low in pancreas [2], resembling

tissue distribution of ATP-sensitive potassium channel

(K-ATP) channel [3–5], and initially ENSA was identi-

fied as an endogenous ligand regulating the ATP-

dependent potassium channel [6]. In vitro studies have

shown that ENSA regulates the secretion of insulin by

interacting with K-ATP channels [2]. It has been

reported that the ENSA modulates the release of
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neurotransmitter, acetylcholine, by blocking K-ATP

channels [7]. The expression of human ENSA in brain

is decreased in Down syndrome [8], Alzheimer’s dis-

ease [3] and synucleinopathies [9].

a-endosulfine also acts as both a substrate and an

inhibitor of PP2A [10]. PP2A is a major serine/thre-

onine phosphatase, which is crucial for many normal

cellular functions, such as cell cycle control, growth,

apoptosis and metabolism. Therefore, it is not surpris-

ing that its dysregulation is observed in many patho-

logical conditions, for example in cancer and

neurodegenerative diseases [11]. Several proteins, such

as CIP2A [12], SET [13], ARPP-19 [14,15] and ENSA

[15], have been observed to act as PP2A inhibitors.

PP2A is a heterotrimeric protein complex consisting of

a scaffold (called A-subunit), a catalytic (called C-

subunit) and a regulatory (called B-subunit) subunits.

Each of the subunits has multiple isoforms. The sub-

units A and C have two structurally similar isoforms,

whereas the B-subunit has 23 isoforms that are divided

into four different families (such as B55, B56, PR72

and Straitins), each of these having various subtypes

(such as B56a, B56d, B56e and B56c). The B-subunits

have more structural variation than the A- and C-

subunits (Fig. 1). Accordingly, the assembly of one A-

subunit, one C-subunit and one B-subunit can give 92

different heterotrimers [16]. Even though the functions

of different B-subunits are partly redundant, the local-

ization, specificity and physiological activity of PP2A

largely depend on the type of B-subunit associated

with the holoenzyme. This broad diversity in the PP2A

composition allows PP2A to act on large number of

substrates and influence on many cellular processes

including cell cycle apoptosis and transformation [17].

It has also been reported that the overexpression of

ENSA suppresses hepatic tumour growth when phos-

phorylated by the MASTL kinase [18].

Both ENSA and PP2A play a critical role in cell

cycle control. Both mitotic entry and exit are

controlled by phosphorylation/dephosphorylation of

mitotic proteins, which is achieved by the balanced

activities kinases and phosphatases. The mitotic entry

requires the activation of cycling B-Cdc2 protein kinase

that phosphorylates the mitotic proteins, and the main-

tenance of the phosphorylation of mitotic proteins

requires the inhibition of PP2A that dephosphorylates

mitotic substrates. ENSA, which is phosphorylated by

greatwall kinase/microtubule-associated serine/thre-

onine like kinase/microtubule-associated serine/thre-

onine kinase 3 (Gwl/MASTL/MAST3) kinase, inhibits

the activity of PP2A containing B55d regulatory

subunit, allowing then the mitotic entry [14,15,19].

Owing to the enormous diversity of PP2A regulatory

subunit and its redundant cellular function, the study

of regulation of individual regulatory subunit is impor-

tant. In this study, we have characterized the structural

properties of PP2A inhibitor protein ENSA using

NMR spectroscopy and SAXS. Structural analyses

reveal that ENSA is an IDP containing three transient

alpha helical regions. In addition to structural charac-

terization, we investigated the mechanism how ENSA

interacts with PP2A. Firstly, we observed that ENSA

interacts with the PP2A A-subunit with moderately

strong affinity, but it also interacts with various B56-

subunit isoforms, although the affinity to B56 is much

weaker. The combination of interaction studies per-

formed with the microscale thermophoresis (MST) and

NMR spectroscopy reveals that ENSA follows the

dock-and-coalesce mechanism in associating with the

PP2A A-subunit.

Fig. 1. The 3D structure of PP2A holoenzyme. (A) The scaffolding A-subunit (PR65a) is shown with magenta, regulatory B56c subunit

shown with green and the catalytic Ca-subunit with orange. The coordinates are taken from 2 npp.pdb. (B) The scaffolding A-subunit

(PR65a) is shown with magenta, regulatory B55a subunit shown with red and the catalytic Ca-subunit with orange. The coordinates are

taken from 3dw8.pdb. The structure is generated using PYMOL (http://www.pymol.org) software.
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Results and Discussion

Characterization of local conformational

properties of ENSA

First, we performed the sequence analysis of ENSA,

which shows the enrichment of the hydrophilic (25%)

and charged (33%) amino acid residues as well as pro-

lines (7.4%), similarly as ARPP-19 (Fig. 2A). These

are fundamental features of IDPs [20,21]. According to

Uversky plot [22], which divides proteins into globular

and IDPs based on their mean net charge versus

hydropathy, ENSA locates within natively disordered

protein space (Fig. 2B). The PONDR� VL-XT algo-

rithm [23] was used to predict the disordered regions

of ENSA. This indicated that 56% of residues are in

disordered regions in ENSA (Fig. 2C). We also used

IUPred2A, an unified platform that uses IUPred2 and

ANCHOR2 algorithms, to obtain more information

about the level of disorder and the potential binding

regions [24,25]. The IUPred2 tool predicted ENSA to

be fully disordered, whereas the ANCHOR2 tool pre-

dicted the presence of single extended disordered bind-

ing region ranging from residues K24-E121 (Fig. 2C).

Both, PONDR VL-XT and IUPred2A, tools predicted

that the N and C termini of ENSA are disordered and

the core region being relatively ordered. However, the

prediction with PONDR VL-XT showed the higher

degree of order for the core region than the

IUPRED2A-based prediction. The degree of order

predicted for the core region deviates between these

two methods because they are based on different prin-

ciples and apply different computational approach.

We employed NMR spectroscopy to further study

the structural features of ENSA. Two-dimensional 1H
15N-HSQC spectrum of ENSA exhibits poorly dis-

persed 1HN cross peaks, ranging from 7.7 to

8.5 p.p.m., originating from strikingly similar chemical

environment of amide protons due to fast conforma-

tional averaging (Fig. 2D). The SAXS scattering pro-

file of ENSA corresponds to that of IDPs obtained

after averaging curves for a large number of intercon-

verting conformers (Fig. 3A). In addition, the distance

distribution function p(r) of ENSA has an extended

tail indicating the flexible nature of ENSA (Fig. 3B;

Table 1). The Kratky analyses of SAXS data also sup-

ported the disordered nature of ENSA because it pre-

sented a monotonic Kratky plot at large s values

(Fig. 3C). Accordingly, the structural properties of

ENSA are highly similar to their close homologue,

ARPP-19 [26,27].

The 1HN, 1Ha, 15N, 13CO, 13Ca and 13Cb resonance

assignment was carried out using 2D 15N-HSQC [28],

13C-detected CON [29] and 3D CBCA(CO)NH,

HNCACB [30], HNCO [31], iHNCO, iHA(CA)NCO,

HA(CA)CON and (HACA)CON(CA)HA [32–34]
spectra. The chemical shift values contain wealth of

information about transient secondary structure

motifs. The transient secondary structure elements

were identified by calculating secondary structure

propensity (SSP) score [35], using 1Ha, 13Ca and 13Cb
chemical shift values. The SSP analysis revealed the

presence of three transient alpha helical regions

(Fig. 2C). Comparing the result obtained from SSP

calculation of ENSA and ARPP-19 [27], we found that

the transient helices in both proteins are located at the

corresponding positions and their distribution patterns

are also similar.

Further evidence of the presence of secondary struc-

ture elements was obtained from T1 and T2
15N spin

relaxation and heteronuclear {1H}15N nuclear over-

hauser effect (NOE) NMR experiments (Fig. 4A),

which are the reporters of the ps-ns backbone dynam-

ics. We adapted reduced spectral density mapping

[36,37] approach to comprehend 15N relaxation data

of ENSA. The calculated reduced spectral densities J

(0), J(xN) and J(0.87 xH) explain the dynamics of

residues at three different frequency (Fig. 4B). The

low-frequency spectral density J(0) has smaller value

for the residues with fast internal motion, while resi-

dues with slow internal motion tend to have signifi-

cantly higher values. The high-frequency spectral

density J(0.87xH) is sensitive to fast internal motions,

and motions are reflected in relatively large values.

Therefore, the residues in secondary structure elements

show large J(0) and small J(0.87xH) values, indicat-

ing the restricted internal motion. The overall distribu-

tion of reduced spectral densities J(0) and J(0.87 xH)

suggests that the backbone motion in the regions

encompassing residues 31RAEEAKLKAK40 and
53FLMKRLQKGQKYFDSGDYNMAKAKMKN79

is restricted. However, residues N71 and M72 have

higher J(0) values, but J(0.87 xH) did not decrease

significantly suggesting restricted internal motions or

conformational exchange at lower frequency. The N

and C termini of ENSA are flexible in nature, as indi-

cated by relatively large value of J(0.87 xH). The val-

ues of spectral density function J(xN) are relatively

invariable, indicating its insensitivity towards back-

bone dynamics (Fig. 4B). The regions with restricted

backbone motions are present in the similar locations

in both ENSA and ARPP-19. The result clearly shows

two regions with the restricted backbone dynamics in

both ARPP-19 and ENSA, but the second region with

restricted motion is wider in ENSA than that of

ARPP-19 [27].
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Structural characterization of ENSA in solution

Intrinsically disordered proteins lack a well-defined

three-dimensional structure, unlike the ordered pro-

teins. Therefore, it is not possible to show one single

structure for ENSA but an ensemble of different con-

formations instead. Here, we combined the restraints

obtained from NMR experiments, such as chemical

shifts (Ca, Cb, HN) and 15N R2 relaxation rates, with

the distance distribution data obtained SAXS measure-

ments. The agreement between experimental and back-

calculated SAXS scattering profile and the secondary

NMR chemical shifts are shown in Fig. 5. The pool of

structures shows that ENSA can adopt a continuum

of rapidly interconverting conformers of which some

are more compact than others (Figs 6 and 7). The con-

formers of ENSA obtained from the ENSEMBLE cal-

culation were clustered according to the CaCa
distance matrix RMSDs using NMRCLUST algorithm

[38]. The NMRCLUST clustered 100 conformers of

ENSA into 20 different subclusters. The top six clus-

ters of ENSA have 15, 10, 10, 15, 7 and 8 conformers

each, while rest of the clusters are composed of 1–5

Fig. 2. a-endosulfine is IDP having propensity to form transient structural elements. (A) Pairwise sequence alignment between human

ENSA and ARPP-19. The amino acids are highlighted with different colours according to their properties like the positively charged residues

(blue), negatively charged residues (red), polar neutral residues (green), aromatic residues (purple) and conformationally special proline and

glycine residues (brown). The nonpolar aliphatic residues are not highlighted. The secondary structure elements obtained from SSP

calculation for ENSA and ARPP-19 is shown in the figure. (B) Charge-hydropathy plot of human ENSA. The mean net charge versus the

mean hydrophobicity plot (calculated at http://www.pondr.com) predicts ENSA (green triangle) to be disordered. (C) PONDR VL-XT,

IUPred2A analysis and SSP calculation of ENSA. The output of PONDR VL-XT, IUPred2 and ANCHOR2 for the ENSA are shown in grey,

black and red, respectively. The SSP score for ENSA was calculated using 1Ha, 13Ca and 13Cb chemical shifts. The SSP score of residues

with fully formed a-helices and b-strands are +1 and �1, respectively. It indicates that ENSA has propensity to form three transient a-

helices. The positions of a-helices are highlighted with orange colour. (D) Two-dimensional 1H, 15N-HSQC spectra of uniformly 15N-labelled

ENSA corresponds to the spectral overlap in IDPs.
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conformers. The average CaCa RMSD of the ENSA

clusters is high, ranging from 15 to 21 �A, demonstrat-

ing notable conformational difference among the pop-

ulation of conformers within the cluster (Fig. 6;

Table 2). This is in agreement with the distance

distribution calculated from using ensemble optimiza-

tion method (EOM) analyses of the SAXS data, which

shows a wide distribution of maximum distances rang-

ing from 5 to 16 nm (Fig. 7; Table 3). This is different

from what was recently reported for ARPP-19, where

two distinct conformational populations, compact and

more extended, were observed [27].

a-endosulfine-PP2A interaction

The binding affinity of ENSA and its phosphomimick-

ing mutants S67E and S109E to PP2A A- and differ-

ent B56-subunits was characterized using MST. ENSA

and its phosphomimicking mutants bind relatively

tightly to the PP2A A-subunit with dissociation con-

stants (KD) of 3.9 � 1.3 µM (ENSA), 2.5 � 1.1 µM

(ENSA S67E) and 10.8 � 3.2 µM (ENSA S109E;

Fig. 8; Table 4). The binding affinity of ENSA-PP2A

A-subunit complex is comparable to the ARPP-PP2A

A-subunit interaction [27]. This is the outcome of high

sequence similarity between ENSA and ARPPs. The

region in ARPPs that binds to the A-subunit,
39LGQKPGGSDFLRKRLQKGQKYFDS62, is highly

conserved in ENSA with only one change in amino

acid, that is Met instead of Arg50 in ARPP-19.

We also determined the interaction of ENSA and its

phosphomimicking mutants with four different B56

isoforms, B56a, B56d, B56c and B56e (Fig. 8;

Table 4). ENSA binds to all B56 isoforms, but the

Fig. 3. (A) Small-angle X-ray scattering profiles with the inset

showing the Guinier fits of the ENSA protein at 5, 7 and

10 mg�mL�1 concentrations. (B) Pairwise distance distribution, P(r),

estimation derived from SAXS data. (C) The Kratky plot calculated

from SAXS data obtained at 7 mg�mL�1 concentration of ENSA

exhibits monotonic Kratky plot at larger s values corresponding to

the scattering pattern of IDPs.

Table. 1. SAXS data processing of ENSA.

ENSA

5 mg�mL�1 7 mg�mL�1 10 mg�mL�1

Guinier analysis

I(0; arbitrary

units)

8.14 � 0.03 8.01 � 0.02 7.99 � 0.02

Rg (nm)a 3.21 � 0.03 3.18 � 0.02 3.18 � 0.01

smin (nm�1) 0.367 0.319 0.305

sRg max (nm�1) 1.09 1.2 1.23

Coefficient of

correlation, R2

0.99 0.995 0.997

P(r) analysis

I(0; arbitrary

units)

5.1 � 0.02 5.2 � 0.02 5.4 � 0.02

Rg (nm) 2.9 � 0.02 2.9 � 0.02 3.03 � 0.02

Dmax (nm)b 10.7 11.2 11.85

s range (nm�1) 0.124–2.824 0.138�2.889 0.129–2.810

X2 (total

estimate from

GNOM)

0.95 (0.79) 0.98 (0.78) 0.87 (0.75)

aEstimated from Guinier analysis in PRIMUS [43].; bCalculated

using DATGNOM [44].
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interaction is clearly weaker than to A-subunit. Stron-

gest binding was observed with B56a, while the affini-

ties to all other B56 isoforms are very weak. This is

similar to the binding recently observed with ARPP-

19. [27] According to the calculated KD values, the

binding of ENSA to B56 isoforms is stronger than the

interaction between ARPP-19 and B56 isoforms. [27]

Interestingly, it has been reported that ENSA does not

bind to any other PP2A than those containing B55 as

a regulatory subunit suggesting that ENSA is specific

only for PP2A-B55. [15] The contradiction in the

results might be due to different experimental set-ups,

as here we have used individual PP2A subunits and

not PP2A holoenzyme, as our aim was to get informa-

tion of ENSA – individual PP2A subunit interactions.

Unfortunately, we did not have any of B55 isoforms

in our hands. Surprisingly, ENSA S67E, which corre-

sponds to the Gwl/MAST3 kinase phosphorylated

ENSA, binds only to the B56a, but not to other iso-

forms (Table 4). The measured binding affinities of

ENSA and S67E phosphomimicking mutant to B56a
are similar.

We further applied NMR spectroscopy to character-

ize the interaction between ENSA and the A-subunit.

The interaction of 15N-labelled ENSA with the A-

subunit was confirmed by monitoring overall peak dis-

persion in 15N-HSQC spectra after addition of the A-

subunit. Accordingly, we observed PP2A A-subunit

binding induced changes in the 15N-HSQC spectra of

ENSA indicating changes in the average chemical envi-

ronment of the corresponding residues (Fig. 9A–C).
At the same time, no pronounced change in chemical

Fig. 4. Nuclear magnetic spectroscopy relaxation data indicate the conformational dynamics in the disordered ENSA. (A) Values of backbone

amide heteronuclear {1H}-15N NOEs, transverse relaxation (15N T2) and longitudinal relaxation (15N T1) of the ENSA obtained at 800 MHz at

25 °C. (B) Reduced spectral density mapping function calculated at three different frequencies, J(0), J(xN) and J(0.87xH) is plotted against

the sequence of ENSA. Transiently formed a-helical regions are highlighted.
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shift dispersion of ENSA was observed upon the A-

subunit binding. This suggests that no large-scale dis-

order to order transition takes place upon binding,

that is ENSA undergoes local binding-induced folding,

governed by the molecular recognition elements in the

sequence (Fig. 9A–C). However, it seems that partial

coupled folding takes place upon binding to A-

subunit, ENSA retains high degree of flexibility even

in the bound state and this highly dynamic PP2A A-

subunit: ENSA complex is an evident example of the

‘fuzzy complex’ concept [39]. Owing to large size of

the complex, as well as the additional exchange broad-

ening of NH resonances due to the intermediate

exchange limit typical for the interactions with KD of

5–10 µM, we could not detect all the 15N-1H correla-

tion of ENSA in the bound form. Nevertheless, a more

profound analysis of ENSA–PP2A A-subunit binding

enabled us to propose binding mechanism for the

interaction (vide infra).

A detailed view of the PP2A A-subunit binding site

in ENSA was obtained by monitoring PP2A A-

subunit-induced chemical shift perturbations (CSPs) in
15N-HSQC spectra of ENSA (Fig. 9A–C). Upon addi-

tion of PP2A A-subunit at the concentration half of

the molar concentration of ENSA, significant CSPs

were observed for the NH cross peaks of following

residues: A35, A39, M55, Y64, D66 and N71. The

residues L54 and F65 experienced line broadening

beyond the NMR detection limit (Fig. 9A). After add-

ing equimolar concentration of PP2A A-subunit to

ENSA (molar ratio of 1 : 1), we observed additional

CSPs together with significant line broadening for the

following ENSA NH cross peaks: R31, K36, L37,

K40, Y41, Q59, G68 and M72. In addition to this,

NH cross peaks of A35, F53, L54, M55, Q62, F65,

S67, N71 and A75 were broadened beyond detection

(Fig. 9B). When the A-subunit concentration was

increased to the molar ratio 1 : 2 (ENSA:A-subunit),

the NH cross peaks of S43, S51, G61, D69 and K76

were significantly broadened and the peak from G68

broadened beyond detection (Fig. 9C) The close exam-

ination of ENSA 15N-HSQC spectra without the A-

subunit and the spectra with substoichiometric ENSA:

PP2A A-subunit (1 : 0.5) ratio and one- or twofold

excess of A-subunit revealed peak shift or strong line

broadening of the cross peaks corresponding to the

residues A30-G45 (binding site B1) and S51-K76

(binding site B2). Based on the result reported here,

ENSA binding to PP2A A-subunit consist of extended

region comprising all three transiently populated

helices (Fig. 9D) and is in good agreement with the

disordered binding region predicted by ANCHOR2

(Fig. 2C). Accordingly, the binding of PP2A to ENSA

Fig. 5. The fitting of SAXS and NMR experimental and back-

calculated data: (A) Averaged back-calculated SAXS intensities

derived from an ensemble of 100 conformers (black) compared

with the experimental data of ENSA (red) using CRYSOL [48]

program in ATSAS online. (B–D) The comparison of secondary

chemical shifts of the experimental NMR chemical shifts (13Ca,
13Cb and 1HN) and the one back-calculated using ShiftX [54]

program.
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is a complex process that may use transient interaction

with a-helical peptide region that function as the

molecular recognition elements. From the considera-

tion of CSPs, this is what we would expect: the ENSA

will initially interact with PP2A A-subunit using the

B2 region (primary site), as it is seen from the line

broadening beyond detection of the ENSA NH cross

peaks for the residues L54 and F65 measured at 1:0.5

(ENSA:PP2A A-subunit) ratio. After adding more

PP2A, we can see that ENSA interacts with the PP2A

A-subunit with the additional secondary site (B1;

Fig. 10). Alternatively, helices undergo partial folding

upon PP2A binding, establishing intramolecular inter-

actions between helices. It is possible that the observed

peak shifts and line broadening are the consequence of

conformational dynamics and increase in the effective

rotational correlation time upon PP2A A-subunit

binding. This is different than that recently reported

with ARPP-19, where the A-subunit binding region is

mapped between first and third helices including the

second transient alpha helix and random coil region

on its both sides. [27] Accordingly, it can be speculated

that ENSA binds to the A-subunit using different

interaction modes than that of ARPP proteins. This is

surprising, as ENSA and ARPP-19 share 76%

sequence identity. However, the N-terminal sequences

in ENSA and ARPP-19 are very different (Fig. 2A).

Although we observed very tiny CSPs in few residues

of the first helix of ARPP-19 upon titration by PP2A

A-subunit, they were not as large and significant as we

observed in ENSA. The small changes that was

observed in ARPP-19 can be due to a very transient

interaction or due to the influence of changes in chemi-

cal environment in the vicinity. In general, the sec-

ondary binding site B1 in ENSA interacts more

transiently with the PP2A A-subunit and the CSPs

were observed only after titrating equimolar concentra-

tion of PP2A A-subunit. Nevertheless, this interaction

appears to be enforced by the negatively charged N-

terminal part in ENSA.

In summary, here we have reported the detailed

analysis of the structural and dynamical features of

Fig. 6. Cluster of substrates in the

ensemble of ENSA as determined by NMR

and SAXS experiments. The top 12 clusters

of the representative NMR structure of the

total 100 structures are shown. The

structures are generated using UCSF

ChimeraX [55].
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ENSA, as well as its interaction with PP2A A- and

B56-subunits. Our NMR data indicate three regions

that have propensity to form transient a-helical struc-
tures. All of the three transient helices are involved in

PP2A A-subunit binding, forming two binding motifs.

The present work provides a better understanding of

the structural properties of ENSA and its mode of

interaction with PP2A A-subunit. This information

can be further utilized, for example in the development

of novel and better therapeutics towards PP2A-linked

cancer types.

Materials and methods

Recombinant proteins

Human ENSA (UniProt accession number: O43768-1) was

cloned to pGTvL1-SGC vector (Structural Genomics

Consortium, University of Oxford) using the ligation-

independent cloning method [40]. The mutations S67E and

S109E were introduced to expression construct using Quik-

Change II Site-Directed Mutagenesis Kit (Agilent technolo-

gies, Santa Clara, CA, USA). All the expression plasmids

of ENSA were verified by sequencing. E. coli

(Escherichia coli) BL21gold cells were used for protein pro-

duction in Terrific Broth (2.4% w/v yeast extract, 1.2% w/

v tryptone, 0.5% w/v glycerol, 17 mM KH2PO4, 72 mM

K2HPO4) by the addition of isopropyl-b-D-1-

thiogalactopyranoside to 0.4 mM at 18 °C for 20 h. Cells

Fig. 7. a-endosulfine can adopt broad ensemble of conformations.

(A) The comparison of Dmax distribution of the EOM selected

conformational ensemble of ENSA obtained from the SAXS

measurement (shown in black) with the initial theoretical pool

based only on the amino acid sequence information (shown in red).

Cartoon representation of a few ENSEMBLE generated conformers

of ENSA that fits the chemical shifts (Ca, Cb, H), R2 relaxation

rates from NMR spectroscopy and the SAXS scattering data. (B)

The fit obtained from the selected ensemble of structures in EOM

calculations to experimental scattering curve.

Table. 2. Cluster properties of ENSA ensemble.

Cluster No. of conformers Ca-Ca RMSD (�A)

100 ENSA conformers

1 15 19.7

2 10 20.7

3 10 18.5

4 15 21.7

5 7 20.4

6 8 19.4

7 5 18.6

8 3 21.5

9 3 17.1

10 4 15.3

11 2 22.3

12 2 19.6

13 2 18.8

14 5 17.5

15 2 17.3

16 3 17.1

17 1 0

18 1 0

19 1 0

20 1 0

Total 100 –

Table. 3. The EOM analysis of the SAXS data of ENSA. The Rg

and Dmax values obtained from EOM calculation are comparable

with those obtained from the primary data processing. Default

parameters, 10 000 models in the initial ensemble.

ENSAa

EOMb

s range for fitting (nm�1) 0.10–2.61

Type of models generated random coil

X2, CORMAP P-value 0.862, 0.811

Constant subtracted 0.006

No. of representative structures 8

Rflex (random)/Rsigma 77.84% (82.98%) /0.79

Final ensemble Rg/Dmax (nm) 3.3/10.9

aExperimental scattering data from 7 mg�mL�1 used.; bhttps://

www.embl-hamburg.de/biosaxs/atsas-online/eom.php [46,47].
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were lysed to homogeneity using EmulsiFlex-C3 homoge-

nizer (Avestin, Ottawa, ON, Canada) and subsequently

centrifuged at 35 000 g for 30 min at 4 °C to clear the

lysate. The GST fusion protein was captured using Protino

Glutathione Agarose 4B (Macherey-Nagel, D€uren,

Germany), and the GST was cleaved by tobacco etch virus

(TEV) protease (Invitrogen, Life Technologies, Carlsbad,

CA, USA) at 4 °C for 16 h. The TEV protease cleavage

extended ENSA constructs by one amino acid residue, S, in

N-terminal. HiLoad 26/60 Superdex 200 pg column (GE

Healthcare, Chicago, IL, USA) was used for size-exclusion

chromatography (SEC) of desired expression construct in

SEC buffer (50 mM NaH2PO4, pH 6.8, 100 mM KCl, 1 mM

DTT) using an €AKTA pure chromatography system (GE

Healthcare). Purified proteins were concentrated using

Amicon ultracentrifugal 3K filter device (MilliporeSigma,

Burlington, MA, USA). The homodispersity of the proteins

was verified with SDS/PAGE.

Fig. 8. a-endosulfine interacts stronger to PP2A A-subunit that the B56-subunit. The binding curves obtained from MST experiments show

that both ENSA proteins interact with modest affinity to the scaffolding A-subunit. The interaction between ENSA WT and

phosphomimicking mutants with the A-subunit is similar. The ENSA WT interacts with different B56-subunits with weak affinity. All

phosphomimicking mutants except ENSA S67E failed to bind to B56-subunits which interacts with B56a. MST measurements were

performed using fluorescent labelled A- or B56-subunit as a target and unlabelled ENSA as a ligand. The data points represent mean of

triplicate (n = 3) data sets and error bars represent standard error of mean (SEM) calculated using GRAPHPAD PRISM version 7.0 for Windows

(GraphPad Software Inc).

Table. 4. The equilibrium dissociation constant of ENSA-PP2A A-

and B56-subunits interaction determined using MST.

PP2A subunit ENSA Kd � SEM (µM)

A-subunit WT 3.9 � 1.3

S67E 2.5 � 1.1

S109E 10.8 � 3.2

B56a WT 55.1 � 27.4

S67E 32.1 � 8.1

S109E No binding

B56d WT > 137

S67E No binding

S109E No binding

B56c WT > 250

S67E No binding

S109E No binding

B56e WT > 460

S67E No binding

S109E No binding

Fig. 9. a-endosulfine binds to PP2A A-subunit using all preformed transient a-helices. HSQC spectra of 15N-labelled ENSA collected before

and after the addition of the PP2A A-subunit indicates that the A-subunit interacts with ENSA. The superposition of 15N-HSQC of 15N-

labelled free ENSA (orange) and (A) 1 : 0.5 (cyan), (B) 1 : 1 (grey) and (C) 1 : 2 (maroon) ENSA : PP2A A-subunit. The cross peaks that

broadened beyond detection are labelled red, whereas the cross peaks that broadened significantly and shifted the most are labelled

magenta and the cross peaks with small changes in intensity and position are labelled blue. (D) ENSA sequence showing the secondary

structure elements obtained from SSP calculation and the regions that interacts with the A-subunit of PP2A. The binding regions are colour-

coded orange and indicated by B1 and B2.
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The expression of 15N- and 13C-labelled ENSA con-

structs was done in E. coli BL21 Gold cells in standard M9

minimal medium supplemented with 1 g�L�1 15N NH4Cl

and 2 g�L�1 13C D-glucose as a sole nitrogen and carbon

sources, respectively. Protein purification was carried out

using the same protocol as described above for the unla-

belled proteins in 50 mM NaH2PO4, 100 mM NaCl, 1 mM

DTT. Protein samples were supplemented with 5% D2O

prior to the NMR measurements.

Small-angle X-ray scattering

European Synchrotron Radiation Facility (ESRF) BM29

[41] beamline at Grenoble, France, was used for SAXS data

collection on a Pilatus 1 M image plate using sample detector

distance of 2.85 m and wavelength of 0.10 �A, covering the

momentum transfer 0.01 < q > 5 nm�1, where q = 4p sin

(h)/k, and 2h is scattering angle). Data acquisition was per-

formed with the protein concentrations ranging from 1 to

Fig. 10. The schematic diagram of ENSA

binding to PP2A A-subunit. According to the

NMR titration experiments, ENSA binds to

PP2A A-subunit using two-step mechanism.

In the first step, a segment comprising

second and third transient helix binds to A-

subunit. In the subsequent step, a segment

comprising first transient helix associates

with PP2A A-subunit.
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12.5 mg�mL�1. Gel filtration buffer used in protein dilution

was supplemented with 10 mM fresh DTT. The ATSAS pro-

gram package [42] was used for data processing. The estima-

tion of the radius of gyration (Rg) and maximal dimensions

(Dmax) of the particles were obtained from Guinier analysis

performed using PRIMUS [43], and distance distribution

functions were calculated using DATGNOM [44]. The flexi-

bility of ENSA was accessed using Kratky plot (I(s)*s
2 ver-

sus s) [45] and EOM [46,47] on ATSAS online. To ensure the

quality of the selected ensemble, CRYSOL [48] was used to

compute a simulated scattering curve of all the conformers

of the ensemble and it was fitted with the experimental SAXS

scattering curve. CRYSOL was run on ATSAS online using

default setting. The SAXS profile was back-calculated for

individual conformers and averaged, which was then fitted to

the experimental data.

Microscale thermophoreis

Microscale thermophoreis experiments were conducted on

a Monolith NT. Automated (MA-039) system (NanoTem-

per Technologies). In all the experiments, PP2A subunits

A-subunit, B56a, B56d, B56c and B56e were labelled using

Monolith NT Protein labelling kit red NHS, NT-647-NHS

fluorescent dye (Cat no. L001, NanoTemper Technologies).

The final concentration of PP2A subunits in the experi-

ments was 20 nM in SEC buffer having 0.05% Tween-20. A

twofold dilution series of unlabelled ENSA and its phos-

phomimicking mutants were mixed with labelled proteins.

The final concentration of ENSA and its phosphomimick-

ing mutants range from 1.8 mM to 0.2 µM. The experiments

were conducted in triplicate. The dissociation constant was

calculated using a single-site model to fit the curve using

GRAPHPAD PRISM version 8 for Windows (GraphPad Soft-

ware Inc., La Jolla, CA).

NMR data collection and processing

NMR samples were prepared in 50 mM NaH2PO4, 100 mM

KCl and 1 mM DTT buffer at pH 6.5. Bruker Avance III

HD 800 MHz NMR spectrometer equipped with a Bruker

Ascend 18.8 T standard bore magnet, 5 mm triple-

resonance inverse TCI CryoProbe (TCI 1H-13C/15N-2H + Z

gradient), was used for data acquisition. All experiments

were conducted at 25 °C. For the assignment of backbone

chemical shifts, following double- and triple-resonance

experiments were performed: 2D 15N-HSQC [28], 13C-CON

[29], 3D CBCA(CO)NH, HNCACB [30], iHNCO [32],

HNCO [31], iHA(CA)NCO, HA(CA)CON [33] and HA

(CA)CON(CA)HA [34]. The steady-state {1H}-15N

heteronuclear NOEs and 15N R1 and R2 relaxation times

were measured using the standard relaxation experiments

[49]. Time delays for 15N R1 and R2 relaxation time were

20, 100, 200, 300, 400, 600, 800, 1000, 1200 and 1400 ms,

and 16.96, 67.84, 135.68, 169.6, 203.52, 271.36, 339.2,

407.04, 474.88 and 542.72 ms, respectively. Heteronuclear

{1H}-15N NOE was measured with 10 s mixing time with

and without 1H saturation. Spectra were processed using

TOPSPIN 3.2 software package (Bruker corporation) and anal-

ysed using NMRFAM-Sparky 3.13 [50].

Using the SSP software [35], the SSP score was calculated

using 13Ca, 13Cb and 1Ha chemical shifts of ENSA. The

ensemble of structures of ENSA were calculated using

ENSEMBLE software suite [51]. The ENSEMBLE tool

facilitates the incorporation of different types of data (mod-

ules), primarily NMR observables like chemical shifts, 15N

R2 relaxation rate, paramagnetic relaxation enhancement

(PRE), NOE and residual dipolar coupling (RDC), and

SAXS experimental data into the same refinement protocol

and derive ensemble of IDPs. The ENSEMBLE program

uses the following three steps to determine the ensemble of

structures of IDPs: (a) generation of large set of structures

using TraDES (initial soup, 5000) [52,53], (b) random selec-

tion of 100 conformers from the initial soup, known as ini-

tial pool, and back-calculation of different parameters like

NMR chemical shifts, 15N R2 relaxation rate and SAXS

scattering profile of the individual conformers of the initial

pool and (c) selection of ensemble of conformers (100 con-

formers) that best fits the experimental data with the one

back-calculated. The chemical shifts of ENSA have been

deposited to the BioMagResBank database (http://www.b

mrb.wisc.edu) under the accession number 50542.

To ensure the quality of the data, the chemical shift val-

ues of the backbone atoms of the conformers in the ensem-

ble were calculated using ShiftX [54] and compared with

the experimental data. The input file used for the chemical

shift back-calculation was the pdb file containing all the

conformers of the ensemble.

15N-HSQC titration by NMR

The PP2A A-subunit titration was performed by adding

increasing amount of PP2A A-subunit to 15N-labelled

ENSA. The proportion of ENSA and A-subunit of PP2A

(ENSA: PP2A A-subunit) used for the titration experiments

were 1 : 0.5, 1 : 1 and 1 : 2. All proteins were purified in

20 mM NaH2PO4, 50 mM NaCl, 1 mM DTT, pH 6.5. 15N-

HSQC titration experiments were performed on a Bruker

Avance III HD 800 MHz NMR spectrometer at 25 °C. All

spectra were processed with TOPSPIN 3.5 software package

(Bruker corporation) and analysed using NMRFAM-

Sparky 3.13 [50].
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