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Structural basis for PTPA interaction with the
invariant C-terminal tail of PP2A

Abstract: Protein phosphatase 24 (PP24) is a highly
abundant heterotrimeric Ser/Thr phosphatase involved
in the regulation of a variety of signaling pathways. The
PP2A phosphatase activator (PTPA) is an ATP-dependent
activation chaperone, which plays a key role in the bio-
genesis of active PP2A. The C-terminal tail of the catalytic
subunit of PP2A is highly conserved and can undergo a
number of posttranslational modifications that serve
to regulate the function of PP2A. Here we have studied
structurally the interaction of PTPA with the conserved
C-terminal tail of the catalytic subunit carrying different
posttranslational modifications. We have identified an
additional interaction site for the invariant C-terminal
tail of the catalytic subunit on PTPA, which canbe modu-
lated via posttranslational modifications. We show that
phosphorylation of Tyr307,,, . or carboxymethylation
of Leu309,,,, . abrogates or diminishes binding of the
C-terminal tail, whereas phosphorylation of Thr304,,,, .
is of no consequence. We suggest that the invariant C-ter-
minal residues of the catalytic subunit can act as affinity
enhancer for different PP2A interaction partners, includ-
ing PTPA, and a different ‘code’ of posttranslational
modifications can favour interactions to one subunit
over others.
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Introduction

Protein phosphatase 2A (PP2A) is a heterotrimeric Ser/
Thr phosphatase with multiple functions in various sign-
aling pathways (Mumby and Walter, 1993; Hunter, 1995;
Gallego and Virshup, 2005; Sablina et al., 2010; Wurzen-
berger and Gerlich, 2011; Heijman et al., 2013). It is highly
abundant and conserved throughout eukaryotic species.
A modular architecture in combination with complex reg-
ulation forms the basis of its broad functional diversity.
PP2A holoenzymes consist of a core dimer, which con-
tains the structural A subunit (also known as scaffolding
subunit; two isoforms o and ) and a catalytic C subunit
(two isoforms o and B), which assemble with various
classes of regulatory B-subunits to form the heterotrimeric
complex (Janssens et al., 2008; Shi, 2009a,b; Lambrecht
ctal., 2013; Sents et al., 2013). Four families of regulatory
B-subunits, with no homeclogy between them, have heen
identified to date: B/B55/PR55, B'/B56/PR61, B”/PR72, and
B*[Striatin/PR93 (Shi, 2009a,b; Virshup and Shenolikar,
2009). Within the holoenzyme, the regulatory B-subunits
control the function of PP2A by mediating substrate speci-
ficity and modulating the catalytic activity. Crystal struc-
tures of the regulatory B, B/, and B” subunits in isolation
or in complex with the PP2A core dimer and other PP2A
interacting and activating proteins have been determined
and gave ideas how regulatory subunits might recognize
different substrates and affect and influence PP2A activity
(Groves et al., 1999; Chao et al., 2006; Leulliot et al., 2006;
Xing et al., 2006, 2008; Xu et al., 2006, 2008; Chen et al.,
2007; Cho and Xu, 2007; Cho et al., 2007; Huhn et al.,
2009; Magnusdottir et al., 2009; Stanevich et al., 2011;
Tsai et al., 2011; Jiang et al.,, 2013; Wlodarchak et al., 2013;
Guo et al., 2014).
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The biogenesis of active PP2A including the assembly
of the subunits is tightly regulated and relies on an activa-
tion process ofthe catalytic C-subunit involving additional
modulators and/or posttranslational modifications (Sents
et al., 2013). Here the PP2A phosphatase activator (PTPA)
plays an essential role as an ATP-dependent activation
chaperone (Guo et al., 2014). PTPA was originally identi-
fied as an ATP/Mg*-dependent upregulator of phospho-
tyrosyl phosphatase activity of PP2A in vitro (Cayla et al
1994) but has later been shown to also be required for
full phosphoseryl/threonyl phosphatase activity of newly
synthesized catalytic subunits (Fellner et al., 2003). The
importance of PTPA is further underlined by its high evo-
lutionary conservation and the fact that deletions of the
two PTPA homologues in yeast, Rrdl and Rrd2, are lethal
in certain nutritional backgrounds (Rempola et al., 2000).

The C-terminal tail (residues 304-309: TPDYFL) of
the catalytic subunit of PP2A is highly conserved and
can undergo a number of posttranslational modifica-
tions that serve to regulate the function of PP2A (see
Figure 1A) (Janssens and Goris, 2001). Phosphorylation
sites at Thr304,,,,, . and Tyr307,,,, . have mainly been asso-
ciated with inactivation of PP2A (Chen et al., 1992; Schmitz
et al., 2010), whereas methylation of the free C-terminus
of Leu309 has been shown to be an absolute prerequisite
for the recruitment of certain subunits in vivo (e.g., PR55),
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but not being strictly required for others (Janssens et al.,
2008). This modification is fully reversible; its addition is
catalyzed by the enzyme LCMT1, and its removal, by the
methylesterase PME-1 (De Baere et al., 1999; Ogris et al.,
1999), There is an apparent discrepancy of the importance
of this modification hetween in vivo and in vitro studies
because holoenzymes assemble into stable complexes in
vitro even in the absence of the C-terminal tail (Xu et al.,
2006, 2008: Tkehara et al., 2007: Stanevich et al., 2011).
The structural information on PP2A subunits and its com-
plexes is constantly increasing, but the structural role of
the C-terminal residues of the catalytic PP2A subunit with
their different posttranslational modifications has rarely
been addressed. Despite its biochemical importance, the
C-terminal residues were either removed for crystallization
purposes or not resolved in the crystal structures (except for
Cho and Xu, 2007). Although several groups have reported
the structure of PTPA a few years ago (Chao et al., 2006;
Leulliot et al., 2006; Magnusdottir et al., 2009), including
us, its detailed functional role and corresponding PP2A
binding interfaces remained elusive until recently, when
a structure of PTPA in complex with the PP2A core dimer
unraveled the structural and functional role of PTPA as
ATP-dependent activation chaperone, However, also here,
the construct of the catalytic subunit used for crystalliza-
tion was lacking the C-terminal residues. In the present
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Figurel

Interaction of PTPA with the C-terminal peptide of the catalytic subunit of PP2A.

(A) Sequence and known modifications ofthe invariant C-terminus of the catalytic subunit. (B) Resulting binding properties of peptides of
various lengths and with different modifications to PTPA are shown. (C-F) Integrated heat changes upon binding of peptides with different
modifications (shown in the different panels) to PTPA are plotted against the peptide/PTPA concentration ratio. n.b., no bindin g detected.
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work, we have characterized the interaction of the PP2A
activation chaperone PTPA with the C-terminal tail of the
PP2A catalytic subunit carrying various posttranslational
modifications. Only a peptide that is free of posttrans-
lational modifications was able to bind to PTPA in the
micromolar range as judged by nulear magnetic resonance
(NMR) and iscthermal titration calorimetry (1TC) experi-
ments. Binding of the unmodified peptide was further veri-
fied by a co-crystal structure of the PTPA/peptide complex,
which, for the first time, has identified the interaction site
for the C-terminal tail of the catalytic subunit on PTPA and
furthermore explains why posttranslational modifications
disfavor this interaction. The data presented here thus
extend our knowledge about how PTPA interacts with the
PP2A catalytic subunit and how this interacticn may be
modulated by posttranslational modifications.

Results and discussion

PTPA interaction with the C-terminal fail of
the catalytic subunit and ATP

To investigate the potential of PTPA for interacting with
the C-terminal tail of the catalytic subunit, we used pep-
tides of different length (5-9 amino acids) representing
the unmodified C-terminal residues of the catalytic C
subunit and studied their interaction with PTPA using ITC
(Figure 1B-F). A peptide representing the last 5 amino
acids of the invariant C-terminal tail was sufficient to retain
micromolar hinding affinity, indicating that only these resi-
dues are involved in binding. We could not confirm binding
of the tetra peptide AAPK, which has recently been co-crys-
tallized with PTPA (Leulliot et al., 2006) but contained addi-
tional N- and C-terminal modifications (suc-AAPK-pNa).
Next we used a set of peptides of the same length (7
amino acid residues) of the C-terminal peptide carrying the
various posttranslational modifications described for the
catalytic subunit; phosphorylation of Thr304, ., phos-
phorylation of Tyr307,,, . and carboxymethylation of
Leu309,,,, . (see Figure 1A). Although the binding isotherm
for the peptide carrying a phosphorylation at Thr304,,,, .
was almost identical to the unmodified peptide, phos-
phorylation of Tyr307,, . abolished binding completely.
Carboxymethylation of the C-terminal Leu309,,,, . tesidue
also reduced binding affinity to PTPA, reflected in a more
than 3-fold increase of the K, value and reduced hinding
enthalpy. To confirm these data and monitor whether
peptide binding induces major conformational changes,
we recorded two-dimensional (2D) 'H/®N HSQC spectra of
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"N-labeled PTPA in the absence and presence of excess
peptide with different modifications (Supplementary
Figure 1). Despite its size of more than 35 kDa, the recorded
2D 'H/"N HSQC spectrum of PTPA was of high quality and
allowed the identification of more than 270 isolated reso-
nances (out of 288 expected) with minimal signal overlap.
Addition of unmodified peptide induced small chemical
shift changes of <25 resonances, indicating that no major
conformational changes occur upon peptide binding in
solution (Supplementary Figure 1).

We further used 2D NMR spectroscopy to character-
ize binding of ATP to isolated PTPA. Despite some efforts,
ATP binding to PTPA in solution could not be shown so
far using various biophysical techniques, prohably due
to the low binding affinity (Magnusdottir et al., 2009).
However, NMR titration of PTPA with different amounts of
ATP induced chemical shift changes of another set of reso-
nances compared with peptide binding. A number of cross-
peaks were followed over the entire titration range and
globally analyzed using a 1:1 binding model. The resulting
affinity was in the low millimolar range (K =4.8+0.3 mm)
(see Figure 2). The low binding affinity of isolated PTPA to
ATP can now he explained in the context of the recently
published crystal structure of PTPA in complex with the
PP2A core dimer, which showed that ATP binds in a bipar-
tite binding site contributed by both PTPA and the cata-
lytic subunit. Nevertheless, our data show specific low
affinity ATP binding to PTPA in solution, and we conclude
that the binding sites for ATP recognition and binding of
the C-terminal peptide of the catalytic subunit are differ-
ent because they induce chemical shift changes of a differ-
ent set of backbone amide resonances.

Crystal structure of PTPA in complex with the
C-terminal tail of the catalytic subunit

To obtain high-resolution insights into how the C-terminal
residues of the catalytic subunit interact with PTPA, we
crystallized PTPA with a peptide (unmodified) that corre-
sponds to the last 6 amino acids of the catalytic subunit.
Crystals were obtained under similar conditions as the apo
structure described previously (Magnusdottir et al., 2009).
Two molecules of PTPA were found in the asymmetric
unit using molecular replacement, and the structure was
refined at 1.8 A (Table 1). The structure is almost identical
to the previously determined structures [root mean square
deviations (RMSD)=0.227 A over 1974 atoms for superim-
posing chain A on PDB:2G62], except for the presence of
the co-crystallized peptide, for which 5 of 6 residues could
be modeled (Figure 3). The three C-terminal residues of
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Figure2 PTPAinteraction with ATP.

(A) Overlay of 2D 'H-"N TROSY-HSQC spectra of *N PTPA acquired at T=298 K and B,=18.8 T in the absence (black) and in presence of dif-
ferent amounts of ATP (red, n=3; blue, n=10; green, n=30). (B) Close-up views of superimposed NMR spectra showing major chemical shift
changes upon ATP binding (I, 11) and global data regression of four residues showing largest changes of chemical shifts (determined accord-
ing to Grzesick et al., 1996) leading to binding affinity of K =4.8+0.3 mm assuming a one-to-one binding model.

the peptide (i.e., residues Tyr307,,, . Phe308,,, ., and
Leu309,,,, ) bind to PTPA in a small hydrophobic groove
formed between the two C-terminal o-helices a2 (residues
273-278) and «13 (residues 284-298) (Figure 3A). Notably,
the same site was also found to bind part of the uncleaved
tobacco etch virus (TEV)-linker region from a symmetry-
related mate in one of the formerly determined PTPA struc-
tures (Magnusdottir et al., 2009). In this groove, the side
chains of Tyr307,,,, and Phe308, . . establish hydropho-
bic interactions and van der Waals interactions with 11e278,
Val287, Gly290, Met294, and Ala297 (Figure 3B). Disruption
of this binding groove by introducing a negative charge
in position 290 of PTPA (mutant G290D) led to a complete
loss of binding of the modification free C-terminal peptide
(Supplementary Figure 2). In addition, a number of elec-
trostatic interactions and hydrogen bonds are also formed.
The C-terminal carboxylate of Leu309,,,, . forms electro-
static interactions with a basic ridge formed by helix o13
and encompassing residues Lys286 and Arg293 (Figure 3A
and C), and Tyr307,,,. is in close hydrogen bonding dis-
tance to the guanidinium group of Arg293 (via its main
chain carboxylate) and the side chain of Glu298 (via its
side chain hydroxyl group) (Figure 3C).

These observations are in good agreement with the
results from binding experiments. The structure thus sug-

gests that phosphorylation of Tyr307,, . - would result in

severe steric and electrostatic clashes with Gluz98 and
that catboxymethylation of Leu309  would clash with
Arg293, explaining why these modifications abrogate or
diminish binding. This is further confirmed by mutational
analysis, where binding of the modification free C-termi-
nal peptide is strongly reduced to the PTPA mutant R293A
(Supplementary Figure 2). Residues Pro305,, . and
Asp306,,,, . were poorly defined in the electron density
(Figure 3C) and probably do not significantly contribute to
binding with PTPA. Indeed, these tworesidues have differ-
ent conformations in the two molecules in the asymmetric
unit, further supporting the notion that they are more flex-
ible and of no major importance for binding (Figure 3D).
Therefore, itisnotsurprisingthatwefoundphosphorylation
of Thr304,,, tohave no measureable impact on binding
affinity. Interestingly, Leu309,,,, . was also modeled
slightly differently in the two molecules (Figure 3D).
In the B molecule, interaction with Lys286 thus seems
weaker than in the A molecule (salt bridge distances of 4.2
and 2.8 A, respectively), suggesting that this salt bridge
may be less important than that formed with Arg293.

The previously proposed bhinding interface of PTPA
with the catalytic subunit of PP2A based on mutational
data (Chao et al., 2006) has now been confirmed by the
recent PTPA-PP2A complex structure (Guc et al., 2014),
except that three residues that were reported to be
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Table1 Data processing and refinement statistics.

PTPA:PPP2CA C-terminal peptide

Data collection

Beamline Diamond 124
Wavelength (&) 0.9687
Space group P1

Cell dimensions

a, b, c(h) 43.67, 47.97,87.18
o, B, v (%) 84.41 80.23 88.23
Resolution (4) 29.17-1.80 (1.84-1.80)
R 0.150 (0.665)
ol 8.08 (2.30)
Completeness (%) 97.0 (86.6)
Total no. reflections 313580 (18 655)
Redundancy 5.0 (4.5)
Wilson B-factor (A2 16.5
Refinement
R..IR... 0.158/0.186
No. atoms 5761
Protein 4890
Peptides 94
Solvent (water) 703
Solvent (other) 74
B-factors
Protein 19.2
Peptides 38.1
Solvent 4.4
RMSD
Bond lengths (A) 0.003
Bond angles (%) 0.851
Ramachandran plot
Favored (%) 97.3
Outliers (%) 0.0

Numbers in parentheses refer to statistics for the outer <hell.

relevant for hinding (Val281, Gly290, Met294) were found
to be rather distant from the PTPA-PP2AC binding site in
the complex structure. It should be noted, however, that
a catalytic subunit construct lacking the C-terminal tail
was used for crystallization of the complex. Our work
now offers an explanation for the role of Val281/Gly290/
Met294 that is in agreement with all available data, as we
find that they are indeed involved in binding or close to
the binding site, but engage the C-terminal tail, which
was missing in the complex structure (Figure 4). Mutating
Gly290 or Met294 into aspartates (Chao et al., 2006) would
result in clashes with Phe308,,, -and Tyr307,,, .,
tively, and reduce the overall binding affinity by abrogat-
ing binding of the C-terminal tail as shown.

respec-

Conclusion

In summary, we have identified the interaction site for the
invariant C-terminal tail of the catalytic subunit on PTPA,

C. Léw et al.; PTPA interaction with PP2A —— B85

and our study thus complements the study by Guo et al.
(2014) and deepens our understanding of how PTPA inter-
acts with PP2A (Figure 4). We furthermore find that binding
of the C-terminal tail can be modulated via posttrans-
lational modifications; phosphorylation of Tyr307,,, .
or carhoxymethylation of Leu309,,, . thus both abrogate
or diminish binding of the C-terminal tail, whereas phos-
phorylation of Thr304 . is of no consequence. Phospho-
rylation of Tyr307,,, . has been described together with
inactivation of PP2A. Based on our findings here, we can
speculate that this inactivation is caused by preventing
its activation by PTPA. The role of PTPA as an activation
chaperone in the biogenesis pathway of newly synthe-
sized, unmodified, and inactive PP2A is also supported hy
the observation that the isolated posttranslational free tail
of the catalytic subunit of PP2A is bound with the highest
affinity. The importance of this interaction needs to be
further confirmed in the context of full length PP2A com-
bhined with functional studies in the future.

We suggest that the invariant C-terminal tail of the cat-
alytic subunit provides an additional binding site, which
can act as affinity enhancer for different PP2A interaction
partners, including PTPA, and a different ‘code” of post-
translational modifications can favor interactions to one
subunit over others. This makes sense in the context of
a cellular environment where multiple potential binding
partners are present at a time and fine-tuning via post-
translational modifications allows for a fast regulation of
various multi-subunit assemblies and thus fine-tuning of
the overall activity and specificity of PP2A.

Materials and methods

Materials and reagents

Isopropyl-p-D-thingalactopyranoside (IFIG) was purchased from
Affymetrix (Maumee, OH, USA). Lysogeny broth medium was from
Becton Dickinson (Franklin Lakes, NJ, USA) and terrific broth (TE)
was from Formedium (Norfolk, UK). Allused peptides were purchased
from either GenScript (Piscataway, NI, USA) or GL Biochem (Shang-
hai, China). The sequences of all used peptides are given in the table
of Figure 1. Crystallization reagents were from Qiagen (Germantown,
MD, USA). All other chemicals were of analytical grade and obtained
from Sigma-Aldrich (5t. Louis, MO, USA), unless otherwise stated.

Gene construction protein expression and
purification

The sequence of full-length human PTPA (residues 1-323) (UniProt:
(152572, isoform 1) and a deletion construct (residues 22-323) were
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Figure3 Binding ofthe C-terminaltail of the PP2A catalytic subunit to PTPA.

(A) Overview of binding site. (Left) Location of the binding site between 12 and w13. PTPA is colored ‘rainbow’ (N-terminal blue, C-terminal
red), and the bound peptide is shown as green sticks. (Right) Zoomed view of binding site. Here, PTPAis colored by amino acid type (acidic,
red; basic, blue; polar, yellow; hydrophobic, gray). (B) LigPlot schematic showing van der Waalinteractions between the peptide and PTPA.
Interacting PTPA residues are annotated and labeled in different colors. Interacting atoms in the peptide are marked with dots having the
same color(s) as the PTPA residues with which they interact. (C] Hydrogen bonds and salt bridges. PTPA is purple and the peptide green.
Two views are presented. Interactions are shown as stippled lines, and their lengths are indicated. The 1 2Fo-Fc map is also shown (gray

mesh). (D) Overlay of the binding sites of the two molecules of PTPA in the asymmetric unit. The A molecule is purple with bound peptide
(chain C) in green, and the B molecule is light blue with bound peptide (chain D) in yellow. The electron density map was best for the A/C
complex, and this complex was therefore used for generating all other images.

cloned into the pET-based pNIC28-Bsa4 expression vector as an
N-terminal His, fusion with a TEV cleavage site between the tag and
the protein (Woestenenk et al., 2004; Graslund et al., 2008). Expres-
sion of PTPA was induced in Escherichia coli BL21ASlyD(DE3) grown
in TB medium at 37°C with 0.2 mm [PTG (Quistgaard et al., 2012). The
temperature was reduced ta 20°C, and cells were harvested 18 h after
induction. After cell lysis, the supernatant was loaded on a nickel-
nitrilotriacetate (Ni-NTA) immobilized metal ion affinity chroma-
tography (IMAC) column and washed with wash buffer containing
20 mm imidazole and 40 mm imidazole [20 mm sodium phosphate,
300 mm NaCl, 0.5 mm Tris(2-carboxyethyl)phosphine (TCEP], 5%
glycerol, and 20-40 mum imidazole, pH 7.5] over 25 column volumes
and eluted with 20 mMm sodium phosphate; 150 mm NaCl; 0.5 mM
TCEP, 5% glycerol, and 300 mMm imidazole (pH 7.5). The N-terminal
histidine-tag was cleaved off overnight after buffer exchange (20 mm
sodium phosphate, pH 7.5, 300 mm NacCl, 0.5 mm TCEP, and 5% glyc-
erol) with 0.1 mg TEV protease/mg protein. After a reverse IMAC step,
the cleaved protein was then further purified by preparative gel fltra-
tion in either 20 mM HEPES (pH 7.5), 100 mMm NaCl, 0.5 mm TCEP, and
5% glyecerol or 20 mM sodium phosphate, 100 mM NaCl, 0.5 mm TCEP
(Léw et al., 2012). The purified protein was >99% pure and devoid
of any obvious contaminations. The same methods were used for
the purification of the full-length protein and the deletion construct
expressed in full and minimal medium. Isotopically labeled *N NMR
samples were produced using M9 minimal media based on “NH,Cl

as nitrogen source (Cambridge [sotope Laboratories, Inc., Tewksbury,
MA, USA) and supplemented with vitamin mix. Mutations in PTPA
were introduced following the Quikchange strategy, and mutants
were expressed and purified as the wild-type protein.

Crystallization and structure determination

To form the complex for crystallization, human PTPA (construct
spanning residues 22-323) was mixed with a 2-fold excess of the
hexapeptide NH -TPDYFL-COOH and incubated for at least 1 h before
crystallization trials (total protein concentration of 20 mg/ml). Crys-
tals of the PTPA/peptide complex grew in 2 M (NH,),50,, 0.1M HEPES,
pH 75, in 96-well sitting-drop plates at 4°C within 4 weeks.

The crystals were flash-frozen in liguid nitrogen after addition
of cryosolution (original crystallization solution with additional
2004 glyeerol) to the crystallization drop. Data were then collected
at beamline 124 at Diamond Light Source (Oxford. UK) and pro-
cessed with XDS and XSCALE (Kabsch, 2010). The crystals belonged
to space group P1, so to improve completeness, we scaled two data
sets together from different crystals. A molecular replacement solu-
tion was found with Phaser (McCoy et al,, 2007) using the apo PTPA
structure reported previously (2G62.pdb; Magnusdottir et al., 2009).
Initial model building and refinement were performed using the
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Residues 294-304

Figure 4 Model of the PP2A-PTPA complex.

A PP2A-C
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QOverview of how PTPA interacts with the PP2A core dimer. The structure of PTPA in complex with the C-terminal tail of the catalytic subunit
(PDB:4NY3; this work) was superimposed on the structure of the ternary complex consisting of PTPA, scaffolding subunit (PP2A-A) and PP2A cata-
lytic subunit (PP2A-C) lacking the C-terminal tail (PDB:4LAC). PTPA from 4NY3 is shown in pink cartoon, PP2A-A from 4LACis shown in gray cartoon,
PP2A-C without the C-terminal tail from 4LAC is shown in green cartoon, and the PP2A-C C-terminal tail from 4NY3 is shown as green sticks.

AutoRickshaw pipeline. The structure was then refined by multiple
cycles of manual rebuilding in Coot (Emsley et al., 2010) and maxi-
mum likelihood refinement with phenix refine (Table 1). The model
was validated using MolProbity (97.3% favored in Ramachandran
plot; overall MolProbity score 1.11; 100th percentile) (Chen et al.,
2010). We used PyMol for structure superimpaositions and structure
figures (DeLano, 2003). Coordinates and structure factors have been
deposited in the PDE with the accession number 4NY3.

Peptide binding experiments using ITC

ITC measurements were performed on an iTC200 or VP-ITC instru-
ment (GE Healthcare, Chalfont St. Giles, UK). Purified tag-free full-
length PTPA at a concentration of 100-320 uM in the calorimetric cell
(total cell valume of ~220/1400 ul) was titrated with various peptides
representing the C-terminus of the catalytic subunit of PP2A, varying
in length and posttranslational modifications at a concentration of
1-4 mm (15-50 injections) at 20°C. As buffer, 20 mm HEPES (pH 75)
with 100 mm NacCl, 5% glycerol, and 0.5 mm TCEFP was used. The heat
generated after each ligand injection was obtained by integration of
the calorimetric signal. Resulting binding isotherms were analyzed
according to a 1:1 binding model using Origin software (OriginLab,
Northampton, MA, USA).

NMR spectroscopy

All 'H and 'H*N TROSY-HSQC NMR spectra were acquired with a
Bruker Avance 11l 600- or 800-MHz spectrometer using a 5 -mm room

temperature (600 MHz) or cryoprobe (800 MHz) with z-gradients in
20 mM sodium phosphate bufier (pH 7.5), 100 mm NaCl, 0.5 mm TCEP
containing 10% *H,0 at 20°C. Protein concentration was 0.3-0.5 mm
for all measurements in the presence of excess peptide. PTPA titra-
tion experiments were carried out by successive addition of aliquots
of a stock solution of ATP/Mg? in the same huffer as the protein. Com-
plex formation was monitored by recording a 2D 'H/"N TROSY-HSQC
spectrum after each titration step. The mean weighted difference in
chemical shifts was calculated according to the following equation:
A, (H,EN)=V{(AS(HY<1/25A8(1N)2)/2} (Grzesiek et al., 1996). All
two-dimensional spectra were recorded using a sensitivity enhanced
version of the TROSY-HSQC approach (Weigelt, 1998). Each TROSY-
HSQC spectrum was recorded for 3 h, 20 min (40 scans with 1024/256
data matrix}. 'H*N spectra were processed by NMRPipe (Delaglio
etal., 1995) and analyzed by NMRView (Johnson and Blevins, 1994).
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