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ABSTRACT: Physiological functions of protein phosphatase 2A (PP2A) are determined via the association
of its catalytic subunit (PP2Ac) with diverse regulatory subunits. The predominant form of PP2Ac assembles
into a heterotrimer comprising the scaffolding PR65/A subunit together with a variable regulatory B subunit.
A distinct population of PP2Ac associates with the Tap42/R4 subunit, an interaction mutually exclusive
with that of PR65/A. Tap42/R4 is also an interacting subunit of the PP2Ac-related phosphatases, PP4 and
PP6. Tap42/R4, an essential protein in yeast and suppressor of apoptosis in mammals, contributes to
critical cellular functions including the Tor signaling pathway. Here, we describe the crystal structure of
the PP2Ac-interaction domain ofSaccharomyces cereVisiaeTap42. The structure reveals an allR-helical
protein with striking similarity to 14-3-3 and tetratricopeptide repeat (TPR) proteins. Mutational analyses
of structurally conserved regions of Tap42/R4 identified a positively charged region critical for its
interactions with PP2Ac. We propose a scaffolding function for Tap42/R4 whereby the interaction of
PP2Ac at its N-terminus promotes the dephosphorylation of substrates recruited to the C-terminal region
of the molecule.

The serine/threonine-specific protein phosphatase 2A
(PP2A)1 functions to control signal transduction pathways
that regulate cell proliferation, growth, apoptosis, and
progression through the cell cycle (1, 2). Distinct functions
of PP2A, mediated by the diversity of its holoenzyme
structure, are generated on association of its catalytic subunit
with a variety of scaffolding and regulatory subunits. The
latter specify phosphatase activity toward defined substrates
and determine its intracellular localization (3-7). Most PP2A
corresponds to a constant AC heterodimer of the catalytic
(PP2Ac) and scaffolding (PR65/A) subunits, able to associate
with a variety of regulatory B subunits. A much smaller
proportion of PP2Ac (5-10%), not in complex with the
PR65/A subunit, is instead associated with a structurally
distinct protein, Tap42, first identified in yeast as a typetwo
A phosphatase interactingprotein (42 kDa), due to its
capacity to suppresssit4 mutations (8). Alpha4, the mam-
malian homologue of Tap42, binds directly to PP2Ac, at the
exclusion of the A and B subunits, suggesting overlapping
sites on PP2Ac for Tap42 and PR65/A (9, 10). This is
consistent with genetic studies in yeast showing that inac-
tivation of Tpd3 and Cdc55 (Saccharomyces cereVisiae A

and B subunits) enhances Tap42 association with Pph21/
Pph22 (11) and implies a balance between the population
of PP2Ac in complex with Tap42 and PR65/A. In contrast
to PR65/A that binds only to PP2Ac (R andâ isoforms in
mammals, Pph21 and Pph22 in yeast), Tap42 is also an
interacting subunit of the PP2Ac-like phosphatases PP4 and
PP6 (Sit4 and Pph3 in yeast) (8, 12).

Tap42 is essential for yeast viability (8), possibly owing
to its participation in the rapamycin-sensitive Tor signaling
pathway. In yeast, the association of Tap42 with type 2A
phosphatases is disrupted by both rapamycin and nutrient
deprivation, conditions that suppress Tor activity (8, 11).
Interestingly, at the permissive temperature, tstap42mutants
confer weak resistance to rapamycin (8, 13). However, the
molecular mechanisms of these semidominant mutants,
which are defective in their interactions with Pph21/Pph22
(13, 14), are not well understood.

Other roles of Tap42/R4 have recently been identified. In
murine cells, R4 functions as an essential inhibitor of
apoptosis via its ability to promote dephosphorylation of the
transcription factors p53 and c-Jun (15). Deletion of R4
results in expression of proapoptotic genes with concomitant
cell death. Tap42-PP2Ac complexes are also required for
the cell-cycle-dependent distribution of actin, via a Rho-
GTPase-dependent mechanism (16). Tap42/R4 is capable of
modulating the substrate specificity of PP2Ac (9) and exerts
opposing allosteric effects on PP2Ac and PP6 (17). Although
only a few potential substrates of Tap42-R4-phosphatase
complexes have been defined, Tap42-mediated modulation
of phosphatase activity explains how rapamycin-induced
disassembly of Tap42-phosphatase complexes may induce
the dephosphorylation of some substrates, while enhancing
the phosphorylation of others (13, 18).
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Yeast Tap42 is a protein of 366 residues that shares no
sequence similarity to any other protein (including PR65/
A) and is therefore expected to adopt a novel fold. Domain
mapping of murineR4 demonstrates that only the N-terminal
249 residues are required for PP2Ac interactions, with the
central 100 residues alone being capable of mediating weak
interactions (19, 20). The C-terminal region defines interac-
tions to a PP2A substrate, the Opitz syndrome phosphop-
rotein Mid1 (20). To visualize the structure of Tap42 and to
understand how it interacts with PP2Ac, we have determined
the structure of its PP2Ac-binding domain. The structural

data reveal an all-R-helical fold, reminiscent of tetratricopep-
tide repeat and 14-3-3 proteins. A mutagenesis screen
indicates that the PP2Ac-binding site involves a positively
charged conserved region of the protein.

EXPERIMENTAL PROCEDURES

Expression and Purification of S. cereVisiae Tap42.Yeast
Tap42 was amplified by PCR and cloned intoNdeI andXhoI
sites of the pTWO-B vector. Generation of the recombinant
baculovirus using the GIBCO/Life Sciences Bacmid system
was performed using standard procedures.Sf9 cells were

FIGURE 1: Multiple sequence alignment of Tap42/R4 showing the position of conserved (yellow) and invariant (red) residues, location of
R-helices, and residues mutated in this study. Mutation of residues denoted by red arrows abolishes Tap42-PP2Ac interactions, whereas
mutation of residues indicated by green arrows does not affect PP2Ac interactions. The blue arrow indicates the C-terminus of the crystallized
Tap42∆C, and black arrows indicated ts mutations (tap42-11). d ) disordered regions (MolA, blue; MolB, amber). Structurally conserved
regions (CR1-CR4) are indicated. This figure was prepared using ALSCRIPT (42).
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lysed 48 h postinfection. The protein was purified by Ni-
NTA (Qiagen), the His6 tag was cleaved overnight, and the
protein was further purified using Mono Q and S75 gel
filtration chromatography (Amersham) and concentrated to
10 mg/mL before crystallization screening.

Expression and Purification of Tap42∆C. Tap42 (residues
1-234) was amplified by PCR and cloned intoBamHI and
NotI sites of the pGEX-6P-1 vector. Expression of this
protein was performed at 20°C overnight inEscherichia
coli strain B834. Tap42∆C was purified by glutathione-
Sepharose affinity (Amersham), GST cleavage, S75 gel
filtration, and MonoQ ion exchange (Amersham). Selenom-
ethionine-labeled protein was grown in minimal media and
purified as for the native protein.

Crystallization of Tap42∆C. The protein was concentrated
to 10 mg/mL before crystallization. Crystals were grown at
20 °C using the hanging drop method. One microliter of
protein was mixed with an equal volume of crystallization
buffer: 20% (w/v) PEG 8000, 0.1 M sodium cacodylate,
pH 6.5, 0.2 M magnesium acetate, and 2 mM DTT. Crystals,
belonging to space groupP1, were optimized by seeding.

Structure Determination.The structure was determined
using a single SeMet-labeled crystal using data collected to
1.8 Å at BM14, ESRF, Grenoble, France. Data were
processed using MOSFLM and SCALA (21). The structure
was determined using SHELXC/D/E, with polypeptide chain
tracing performed by ARP/WARP (22), and the structure
was refined using REFMAC (21). Model building was
performed using COOT (23).

Mutagenesis, Cell Culture, and Immunoprecipitation.
Murine R4 cloned in the pcDNA3-FLAG vector was mu-
tated with the following PCR primers: R156E/K159D
forward 5′-GGCATCTCAAGAACAGGCTGACATAGA-
GAG-3′, R156E/K159D reverse 5′-GTATCTCTCTATGT-
CAGCCTGTTCTTGAGATG-3′, K167E/R172E forward 5′-
GCAGAGGGAGGAGGTGGAGCATAGGTTGTCTG-3′,
K167E/R172E reverse 5′-GCAGACAACTCATGCTCCAC-

CTCCTCCTTCTG-3′, D186A/D187A/E188A forward 5′-
GGTCAAGCACGTCGTAAAGCGGTTCGGG-3′, and D-
86A/D187A/E188A reverse 5′-CCCGAACGCGTTTAC-
GACGTGCTTGACC-3′. HEK293T cells were grown in
modified Eagle’s medium supplemented with 10% fetal
bovine serum and 2 mML-glutamine at 37°C in a humidified
incubator with 5% CO2. Cells were transfected with 5µg of
FLAG-R4 constructs using Arrest-In (Open Biosystems) as
described in the manufacturer’s protocol and incubated for
24 h prior to harvesting. Cells were lysed in a 1% NP-40
buffer [1% NP-40 (IGE-PAL 640), 50 mM MOPS, pH∼7.5,
150 mM NaCl, 1 mM Pefabloc (Sigma), 1µg/mL pepstatin,
1 µg/mL leupeptin, 1µM microcystin-LR (Alexis Biochemi-
cal), 1 mM sodium fluoride, 1 mM sodium orthovanadate,
and 1 mM dithiothreitol]. Extracts were recovered as
supernatants after centrifugation at 13200 rpm for 15 min at
4 °C. Approximately 750µg of soluble protein was immu-
noprecipitated using anti-FLAG beads (M2-Sigma) for 2 h
at 4 °C with gentle mixing and washed two to three times
with NP-40 buffer. Anti-FLAG M2 beads were taken up in
40 µL of 2× SDS Laemmli buffer, boiled for 5 min at 100
°C, and analyzed by immunoblotting with anti-Mid1 (Dr.
Timothy Cox, University of Washington; 1:1000), anti-
PP2Ac (peptide antibody; 1:5000), anti-PP6 (peptide anti-
body; 1:5000), and anti-FLAG (Sigma-Aldrich; 1:4000)
antibodies.

RESULTS

Structure Determination. We expressedS. cereVisiae
TAP42 and humanR4 using the baculovirus/insect cell
system and purified the recombinant proteins using a
combination of Ni-NTA, Mono Q ion-exchange, and gel
filtration chromatography. HumanR4 failed to crystallize;
however, extensive crystallization screening of the purified
Tap42 protein yielded a single condition where small,
relatively poorly formed crystals appeared within 3 months.
Determination of the relative molecular mass of protein
recovered from the crystallization drop indicated limited
proteolysis and truncation of the full-length protein (42 kDa)
into two species of approximately 26 and 27 kDa (data not
shown). This finding suggested that the truncated protein,
rather than full-length Tap42, was responsible for the small
crystals. Elective limited trypsinolysis of full-length Tap42
and humanR4 yielded similar protease-resistant products of
∼26 kDa, similar in size to the truncated form of Tap42
obtained by spontaneous degradation. Edman sequencing
revealed an intact N-terminus indicating a protease-resistant
N-terminal region. We estimated a likely C-terminal cleavage
site by use of bioinformatics data. Multiple sequence
alignments of Tap42 homologues from yeast to human
indicate two distinct conserved segments, separated by a
region of ∼40 amino acids of low sequence conservation
corresponding to the site of sequence insertions present in
yeast Tap42 and plant Tap46 relative to mammalianR4
[residues 233-250 of S. cereVisiae Tap42 (Figure 1)].
Moreover, protein disorder [RONN (24)] and secondary
structure prediction [PHYRE (25)] programs suggested that
the C-terminal∼130 residues are likely to comprise little to
no ordered structure. On the basis of this analysis and the
size of the trypsinolysis product, we predicted Lys234 ofS.
cereVisiae Tap42 as the C-terminal trypsin cleavage site
(Figure 1). Recently, Smetana et al. (26) reported protease-

Table 1: Crystallographic Data Collection and Refinement Statistics

parameter
space group,N P1, 2
a (Å) 44.9
b (Å) 48.4
c (Å) 71.9
R (deg) 81.4
â (deg) 87.9
γ (deg) 69.6
X-ray source ESRF, BM14
wavelength (Å) 0.9775
resolution range (Å) 30-1.8 (1.9-1.8)
observations (N) 219673
completenessa (%) 96.4 (96.4)
multiplicitya 4.4 (4.4)
Rmerge

a 0.047 (0.456)
I/σI

a 15.6 (2.6)
protein atoms (N) 3562
ligand atoms (N) 4 (Zn)
solvent atoms (N) 253
Rcryst

a 0.217 (0.315)
Rfree

a 0.281 (0.371)
meanB 32
rmsd bond lengths (Å) 0.020
rmsd bond angles (deg) 1.814
allowed, additionally allowed (%) 95.4, 4.6

a Highest shell in parentheses. Disordered regions: MolA, Phe56-
Glu60 and His196-Arg207; MolB, Asn134-Pro149.
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sensitive sites within the region spanning residues 220-254
of humanR4 (and equivalent regions of Tap42), in agreement
with our findings. Circular dichroism spectra, demonstrating
a higher helical content for the N-terminal 222 residues of
human R4, relative to the full-length protein, are also
supportive of the notion that the region C-terminal to sites
of proteolysis of Tap42/R4 adopts little ordered secondary
structure (26).

The cDNA encoding Met1-Lys234 of TAP42 (termed
Tap42∆C) was cloned into pGEX-6P-1 and expressed inE.
coli as a GST fusion protein. Subsequent to glutathione-
agarose purification, Tap42∆C cleaved from GST was
purified as for the full-length protein. The protein at 10 mg/
mL was crystallized at pH 6.5 and 20°C by the hanging
drop vapor diffusion procedure. SAD X-ray diffraction data
to 1.8 Å resolution were collected at ESRF (BM14) from a
selenomethionine-labeled crystal (Table 1). The two mol-
ecules (termed MolA and MolB) of Tap42∆C in theP1 unit
cell were refined independently. Molecules A and B are well-
defined in the electron density maps, although two loops in
MolA and one in MolB are disordered (Figure 1, Table 1).

Tap42 Adopts a TPR-like Fold.In the P1 unit cell, two
molecules of Tap42∆C adopt an asymmetric homodimer
(Figure 2A). Formation of this dimer is likely to have been
promoted on crystallization, since size exclusion chroma-
tography (data not shown) and small-angle X-ray scattering
(26) are consistent with a monomeric species in solution.
Least-squares superimposition of the two noncrystallographi-
cally related molecules reveals essentially similar structures,
except for notable differences in the conformation of theR6
helix, responsible for the asymmetric homodimer (discussed
below). This results in an overall rmsd of 3.4 Å for 199
superimposed CR atoms, although a highly conserved core
of 124 CR atoms superimposes within 0.5 Å (Figure 2B).

Tap42∆C adopts an all-R-helical conformation with a total
of seven helices organized in an antiparallel arrangement,
with overall dimensions of 65 Å by 35 Å by 25 Å (Figure
3). These dimensions are close to the 72 Å estimated for a
truncated version of human (R4∆222, equivalent to Tap42∆C)
determined using small-angle X-ray scattering (26). Tap42/
R4 differs in structure from the other PP2Ac-interacting

FIGURE 2: (A) View of the Tap42∆C asymmetric homodimer as viewed in theP1 unit cell. The N-termini ofR6 participate at the dimer
interface, forming different interactions with the opposite molecule of the dimer. MolA and MolB of Tap42∆C adopt distinct conformations.
(B) Stereoview of a superimposition of the two molecules showing how the N-terminus ofR6 is kinked by 40° in MolB relative to MolA.
The figures were prepared using PYMOL (http://www.pymol.org).
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protein PR65/A, a multiple HEAT repeat all-R-helical protein
(27). A search for known protein folds with possible
structural similarities to Tap42∆C using DALI (28) revealed
the most significant structural similarities to other all-R-
helical proteins (Table 2). The three proteins with the highest
DALI Z-score, a measure of the structural similarity in
standard deviations above that expected between two mol-
ecules, are the vesicular transport protein Sec17 (29), the
14-3-3-like domain of the nonsense-mediated mRNA decay
protein SMG7 (30), and the TPR motif domain of p67phox

(31) (Figure 4). Significantly, these proteins perform similar
functions as scaffolding and adaptor molecules. Common
to all is the antiparallel arrangement ofR-helices that creates
an extended molecular surface suitable for mediating protein-
protein interactions (Figures 3 and 4). In TPR proteins, each
TPR motif of 34 amino acids forms a pair ofR-helices
(termed A and B) oriented in an antiparallel arrangement
(32). Since adjacent TPR motifs stack in parallel, this creates
a regular array of antiparallelR-helices. Strikingly, the
uniform right-handed∼25° crossover angle of each helix

relative to its neighbor creates a concave molecular surface,
lined by the A-helices. In the TPR domains of both HOP
and PP5, the concave surface functions as a docking surface
for the extended C-terminal five residues of Hsp70/Hsp90
(33, 34), a mode of protein-protein recognition shared with
14-3-3 phosphopeptide complexes (35). In a novel arrange-
ment, the TPR intrarepeat turns of p67phox contact Rac in
the Rac-p67phox complex (31), similar to the interactions
between the TPR and phosphatase domains of PP5 (34).

Relative to Sec17, SMG7 and p67phox, the R-helices of
Tap42∆C in general, adopt a less regular configuration. In
Tap42∆C, only the N-terminal four helices adopt a regular
helical hairpin arrangement, and these superimpose closely
with two adjacent TPR motifs of p67phox (TPR2 and TPR3,
Figure 4). Additionally, R7 of Tap42∆C is structurally
equivalent to, and aligns with, the A-helix of the fourth TPR
motif of p67phox, packing parallel withR3. The intervening
helix pair (R5 andR6) is structurally equivalent to the B-helix
of TPR4 and a C-terminalR-helix of p67phox, although with
inverted orientations (Figure 4). Therefore, although the
relative topology of the N-terminal four helices of Tap42∆C
are equivalent to those of two adjacent TPR motifs, the
C-terminal three helices of Tap42∆C are structurally equiva-
lent to, but topologically distinct from, subsequent TPR
motifs. Another difference between Tap42∆C and TPR
proteins is that whereas the canonical TPR helices are∼15
residues in length,R-helices of Tap42∆C tend to be longer,
with R4, R6, andR7 twice the length of TPRR-helices, a
feature more reminiscent of 14-3-3 proteins (36, 37).

FIGURE 3: Orthogonal views of Tap42∆C (MolA) illustrating how the sevenR-helices of the molecule create opposing concave and convex
surfaces. The convex surface is shown in (A).

Table 2: Closest Structural Relatives of Tap42∆C As Defined by
DALI

protein
PDB
ID Z-score

rmsd
(Å)

no. of
aligned
residues

%
sequence

ID ref

Sec17 1qqe 7.6 3.9 101 7 29
SMG7 1ya0 7.1 5.9 118 8 30
p67phox 1e96 6.7 2.8 99 12 31
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Similarly to the TPR domain of p67phox and the 14-3-3/
TPR-like domains of SMG7 and Sec17, the antiparallel
R-helices of Tap42∆C generate an asymmetric structure
featuring a concave surface opposite a more convex surface
(Figure 3). In Tap42∆C, the longer and altered orientation
of R6 relative to its counterparts in p67phox and SMG7, results
in a less open concave face (Figure 4).

MolA and MolB Are Structurally NonequiValent, Creating
Homodimer Asymmetry.MolA and MolB of Tap42∆C are
structurally nonequivalent. The most pronounced nonequiva-
lence occurs at the N-terminus ofR6 and linker region
connectingR5 to R6 (Figure 2B). In MolA, the long linker
(22 residues) connectingR5 and R6 is well ordered and
clearly resolved in the electron density maps.R6 adopts a
regular linearR-helix of some 31 residues. In contrast, in
MolB, the linker connectingR5 andR6 is disordered, and
the N-terminus ofR6 is displaced related to its counterpart
in MolA. This displacement is caused by a kink at the center
of R6 of MolB, dramatically bending the helix at its center
by almost 40°. Notably, the altered alignment of theR6
N-terminus in MolB allows it to pack antiparallel withR7,
being now structurally similar to the parallel packing of
A-helices of adjacent TPR motifs (Figure 2B).

Analysis of homodimer contacts indicates that these are
formed mainly from the N-terminus ofR6 and C-terminus
of R7, with additional contacts provided by the N-terminus
of R4 (Figure 2). The differing conformation ofR6 in MolA
and MolB therefore creates an asymmetric dimer interface.
Modeling indicates that, within the context of a dimer, MolA
cannot adopt the MolBR6 conformation due to steric overlap
with MolB R6, whereas the converse is possible. Examina-
tion of crystal lattice contacts indicates that wereR6 in MolB
to adopt the MolA conformation, a steric clash with a
symmetry-related molecule would occur. Asymmetry of the
Tap42 homodimer is therefore a function of the crystal-
packing environment and, unlike the CHIP asymmetric
homodimer (38), is most likely not an inherent feature of
the protein. We cannot determine which conformation ofR6
is the most physiologically relevant, although since crystal
packing influences the conformation ofR6 in MolB, we
predict MolA may represent a more biologically relevant
conformation. However, our data reveal that the conformation
of R6 is dynamic and capable of adopting two distinct
conformations, both of which may be sampled in solution.

ConserVed Regions Map to the Interhelix Turns and the
ConVex Surface.To identify putative functional regions of
Tap42∆C responsible for PP2Ac interactions, we defined
the position of highly conserved and invariant residues,
derived from a multiple sequence alignment of mammalian
R4, Tap42, and Tap46 sequences (Figure 1), on the molecular
structure. Conserved residues are mainly confined to theR6
and R7 helices and the interhelix turn connectingR2 and
R3, creating four distinct, but closely connected regions of
conservation, termed CR1-CR4 (Figure 5). Strikingly,
invariant residues of CR2, CR3, and CR4 correspond to
solvent-exposed charged amino acids. Residues of CR1 play
a role to stabilize the overall structure of the protein; Phe56
is a buried hydrophobic residue, whereas the side chain of
Ser57 caps the C-terminus ofR1 (Figure 5A). Regions of
conservation lie on the same convex surface of the molecule.
CR2 is formed from the N-terminus ofR6, a region of
conformational difference between MolA and MolB. Due
to the abundance of Arg and Lys residues, the N-terminus
of R6 features a pronounced positive electrostatic potential
(Figure 5C).

A temperature-sensitiveTAP42 mutant (tap42-11) is
defective in PP2Ac interactions (8, 14). The two tap42-11
mutations (Val75 and Gly80) are conserved buried residues
of the R3 helix (Figure 1). Mutation of Val75 to a more
bulky isoleucine would disrupt packing contacts betweenR3
and neighboringR1 andR2 helices, whereas substitution of
an acidic glutamate residue for Gly80 would interfere with
the hydrophobic core betweenR3, R4, andR7 (Figure 5A).
Mutations at these sites would likely destabilize the entire
Tap42∆C domain with concomitant disruption of PP2Ac
interactions.

CR2 Interacts with the PP2A Catalytic Subunit.To
examine which of the conserved regions of Tap42∆C
contribute to its interactions with PP2Ac, we tested the
binding of FLAG-tagged murineR4 with endogenous PP2Ac
by coprecipitation. MurineR4, which shares 22% identity
and 45% similarity withS. cereVisiae Tap42, was mutated
by either charge reversal (Arg to Glu or Lys to Asp) or
alanine scanning. Mutations were introduced into CR2, CR3,
and CR4. Residues of CR1 were not mutated, since this
region of the protein is not required for PP2Ac association
(19). Cells were transfected with control empty vector and
FLAG-tagged wild-type and mutantR4 [R4WT, R4CR2 (R163E/

FIGURE 4: TAP42∆C adopts a TPR/14-3-3-like fold. Stereoview showing a superimposition of MolA onto the TPR domain of p67phox

[PDB ID 1e96 (31)]. TAP42∆C is colored in amber, and p67phox is colored from blue to red denoting N- to C-termini.R-Helices 1-4 of
TAP42∆C align closely with the second and third TPR motifs of p67phox, whereasR7 of TAP42∆C aligns with helix A of the fourth TPR
motif.
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K166D),R4CR3 (K174E/R179E), andR4CR4 (D196A/D197A/
E198A)], and extracts were prepared and immunoprecipitated
using anti-FLAG (M2) beads. MurineR4WT, R4CR3, and
R4CR4 coprecipitated endogenous Mid1, PP2Ac, and PP6
(Figure 6), indicating that charged residues of CR3 and CR4
were not required for PP2Ac association. In contrast,R4CR2

coprecipitated Mid1 but not PP2Ac or PP6. The control lane
with empty vector shows no precipitations of any of these
proteins. These results suggest that at least either Arg163
and/or Lys166 of theR6 N-terminus (CR2) is/are required
for R4 to associate with both PP2Ac and PP6 but not Mid1.

DISCUSSION

A Mechanism for a Tap42∆C-PP2Ac Complex.Together,
our crystallographic and biochemical data provide insights
into the structural features of a Tap42-PP2Ac complex.
Previous studies had defined the N-terminal 240 residues of
murine R4 (equivalent to 270 ofS. cereVisiae Tap42) as
necessary and sufficient for PP2Ac interactions (19, 20). This
region of Tap42/R4 corresponds to a protease-resistant,
structurally conserved domain: Tap42∆C (this study and ref
26). Tap42∆C is an all-R-helical protein with striking
structural similarity to TPR and 14-3-3 proteins, molecules
that function as adaptors and scaffolds (39). The uniform
angular and spatial arrangement ofR-helices generates a
concave “groove”-like surface opposite a convex face. We
investigated likely sites of interaction between Tap42/R4 and
PP2Ac by mutating highly conserved residues. Basic residues
within CR2 (Arg163 and Lys166), located at the N-terminus
of R6, a region of conformational flexibility, are required
for PP2Ac-Tap42/R4 interactions, whereas CR3 and CR4
are unnecessary. Our results are consistent with a previous
deletion mutagenesis study demonstrating that residues 94-
202 of murineR4 are sufficient to mediate PP2Ac interac-
tions (19). The position of CR2 on the convex face of
Tap42∆C contrasts with TPR and 14-3-3-like proteins that
interact with their partner proteins via concave surfaces and/
or interhelix loops (31, 33, 35).

PP2Ac interacts with Tap42/R4 mutually exclusively with
PR65/A (9), implying overlapping sites on PP2Ac for
recognition of PR65/A and Tap42/R4. Insights into regions
of PP2Ac responsible for Tap42/R4 interactions have been
provided by mutagenesis and domain mapping experiments.
Yeast two-hybrid screens identified the N-terminalR-helical
domain (residues 19-165) of PP2Ac as being sufficient for
interactions withR4 (10), whereas domain mapping experi-
ments defined a short region of Sit4 and Pph21 (equivalent
to residues 24-56 of mammalian PP2Ac) as being critical
for Tap42 interactions (14). Mutation of an invariant
glutamate (Glu42) in yeast Pph21, mammalian PP2Ac, and
the related phosphatase Sit4 abolishedR4-Tap42 interac-
tions (10, 14). Disruption ofR4 binding to PP2Ac correlated
with increased PR65/A association (10). Furthermore, muta-
tion of three basic residues in PP2Ac (Lys41, Arg49, Lys74)
progressively weakened interactions with PR65/A while
enhancingR4 interactions (10). These data suggest that

FIGURE 5: Conserved residues of Tap42∆C form four conserved regions (CR1-CR4). Ribbons (A) and surface (B) views of the position
of conserved residues. Color ramping from red to blue denotes weak to high sequence conservation. Those in CR2 at the N-terminus ofR6
are required for mediating PP2Ac interactions. (C) CR2 lies in a positive electrostatic potential suitable for interactions with the negatively
charged PP2Ac. This figure was produced using GRASP (43). MolB is shown, which has an ordered CR1 (Figure 1).

FIGURE 6: Mutational analysis of residues in murineR4 required
for association with type 2A protein phosphatases. HEK293T cells
were transfected with the empty vector or with one the following
FLAG-R4 constructs; wild type, R163E/K166D (CR2), K174E/
R179E (CR3), or D196A/D187A/D198A (CR4) (S. cereVisiae
residue numbering). Immunoprecipitates with anti-FLAG (M2)
beads were analyzed by immunoblotting with anti-Mid1, anti-
PP2Ac, anti-PP6, and anti-FLAG. The panels show immunoblots
of endogenous Mid1 in extracts and precipitates (top) and PP2Ac
and PP6 in extracts and immunoprecipitates. The bottom panel
shows immunoblots of FLAG-R4 in extracts and anti-FLAG
precipitates.
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distinct sets of residues within the N-terminal PP2Ac
R-helical domain contribute to interactions with PR65/A and
Tap42/R4, as expected from their different three-dimensional
structures (27), and are consistent with the notion that a
negatively charged surface of PP2Ac interacts with positively
charged residues of Tap42/R4. The predominant interactions
between PP2Ac and PR65/A involve the N-terminalR-helical
subdomain of PP2Ac, but with additional contacts to more
C-terminal regions (Figure 7) (40). Significantly, the region
of Sit4 defined to be sufficient for Tap42 interactions (14)
(equivalent to residues 24-56 of PP2Ac, including theR1
helix and Glu42) is situated immediately adjacent to the
PR65/A binding site of PP2Ac (Figure 7). The interaction
of Tap42/R4 with PP2Ac at a site centered on this region
could account for the mutually exclusive binding of PR65/A
and Tap42/R4 to PP2Ac, while explaining how different sets
of residues of PP2Ac determine recognition of these distinct
regulatory subunits and the ability of Tap42/R4, but not
PR65/A, to recognize the related phosphatase catalytic
subunits of PP2A, PP4, and PP6.

Overall, PP2Ac features a uniform negative electrostatic
potential, whereas PR65/A is also mainly negatively charged,
except HEAT repeats 11-15, responsible for interacting with
PP2Ac. Our observation that charge reversal of Arg163 and
Lys166 on Tap42/R4 eliminates PP2Ac interactions indicates
that contacts with acidic residues on PP2Ac are likely to
dominate interactions with Tap42/R4.

Both Tap42/R4 and PR65/A fulfill similar functions as
scaffolding proteins for PP2Ac, modifying its substrate
specificity and cellular localization while adopting different
R-helical topologies. Tap42/R4 interacts with PP2Ac via its
N-terminal ordered helical domain and binds PP2A substrates
via its C-terminal 120 residues, thereby colocalizing PP2Ac

with defined phosphorylated substrates. The interaction of
the p38 MAPK kinase, MEK3, with the C-terminal region
of R4 promotes PP2Ac-mediated site-specific dephospho-
rylation of MEK3 (41). Our data, in agreement with others
(26), suggest that the C-terminal region of Tap42/R4 lacks
stable secondary structure, adopting an extended flexible
structure. However, the striking structural conservation of
this region (Figure 1) would suggest that distinct structural
conformations are likely to be assumed on engaging an
interacting phosphoprotein substrate. In contrast to Tap42/
R4, within the context of the PP2A heterotrimer, PR65/A
functions to colocalize the catalytic and regulatory B subunits
rather than bind substrate directly.
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