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The reversible phosphorylation of proteins is accomplished by opposing activities of kinases and
phosphatases. Relatively few protein serine/threonine phosphatases (PSPs) control the specific
dephosphorylation of thousands of phosphoprotein substrates. Many PSPs, exemplified by protein
phosphatase 1 (PP1) and PP2A, achieve substrate specificity and regulation through combinato-
rial interactions between conserved catalytic subunits and a large number of regulatory subunits.
Other PSPs, represented by PP2C and FCP/SCP, contain both catalytic and regulatory domains
within the same polypeptide chain. Here, we discuss biochemical and structural investigations
that advance the mechanistic understanding of the three major classes of PSPs, with a focus on

PP2A.

The concept of protein phosphorylation, discovered by
Edmond Fischer and Edwin Krebs, arose from the dem-
onstration of a dual requirement for ATP and a “converting
enzyme” (subsequently named phosphorylase kinase) in the
in vitro conversion of phosphorylase b to phosphorylase a
(Fischer and Krebs, 1955; Krebs and Fischer, 1956; Krebs et
al., 1958). This process involved the transfer of a phosphate
group from ATP to phosphorylase b, and the resulting phos-
phorylase a was found to be a phosphoprotein (Krebs and
Fischer, 1956; Sutherland and Wosilait, 1955). Intriguingly,
the enzyme that converts phosphorylase a back to b, called
the “PR enzyme” (phosphorylase phosphatase), had been
reported a decade earlier (Cori and Green, 1943), although
the chemical nature of the reaction remained enigmatic
until inorganic phosphate was found to be a product of the
reaction (Krebs and Fischer, 1956; Sutherland and Wosilait,
1955).

Decades of research since those initial discoveries have
shown that reversible phosphorylation of proteins, executed
by kinases and phosphatases, constitutes a major form of
signaling and an essential mechanism of regulation in all liv-
ing organisms. In eukaryotic cells, phosphorylation mainly
occurs on three hydroxyl-containing amino acids, serine,
threonine, and tyrosine, of which serine is the predominant
target. Proteomic analysis of 6600 phosphorylation sites on
2244 human proteins revealed that phosphoserine (pSer),
phosphothreonine (pThr),and phosphotyrosine (pTyr)account
for 86.4%, 11.8%, and 1.8%, respectively, of the phospho-
rylated amino acids (Olsen et al., 2006). These numbers are
in good agreement with a previous study in which radio-
active isotope (*2P)-labeled phosphoproteins from chicken
cells were isolated, acid hydrolyzed, and analyzed by two-
dimensional electrophoresis (Hunter and Sefton, 1980). The
fully sequenced human genome is thought to contain 518
putative protein kinases (Johnson and Hunter, 2005; Lander

468 Cell 139, October 30, 2009 ©2009 Elsevier Inc.

et al., 2001; Venter et al., 2001) that can be classified into
two families: 90 tyrosine (Tyr) kinases (PTKs) and 428 serine/
threonine (Ser/Thr) kinases (PSKs). The exquisite specific-
ity of signaling and the reversible nature of phosphorylation
seem to suggest that there would be similar numbers of pro-
tein phosphatases in the human genome. Surprisingly, how-
ever, there are only 107 putative protein Tyr phosphatases
(PTPs) (Alonso et al.,, 2004) and far fewer protein Ser/Thr
phosphatases (PSPs) (~30). Whereas the numbers of PTKs
and PTPs roughly match each other, the number of catalytic
subunits of PSPs is an order of magnitude lower than that
of PSKs. As will be clear from the discussion below, this
dichotomy can be explained by the combinatorial formation
of PSP holoenzymes from a shared catalytic subunit and a
large number of regulatory subunits.

PSPs comprise three major families: phosphoprotein phos-
phatases (PPPs), metal-dependent protein phosphatases
(PPMs), and the aspartate-based phosphatases represented
by FCP/SCP (TFlIF-associating component of RNA polymerase
I CTD phosphatase/small CTD phosphatase) (Figure 1). For
several members of the PPP family, the catalytic subunit asso-
ciates with a great variety of regulatory subunits. Representa-
tive members of the PPP family include protein phosphatase
1 (PP1), PP2A, PP2B (commonly known as calcineurin), PP4,
PP5, PP6, and PP7 (Figure 1). The PPM family includes pro-
tein phosphatases dependent on manganese/magnesium
ions (Mn?/Mg?*), such as PP2C and pyruvate dehydrogenase
phosphatase. In contrast to PPP, members of the PPM fam-
ily do not have regulatory subunits but contain instead addi-
tional domains and conserved sequence motifs that may help
determine substrate specificity. For both PPP and PPM, metal
ions play a catalytic and central role through the activation of a
water molecule for the dephosphorylation reaction. In contrast,
FCP/SCP uses an aspartate-based catalysis mechanism. The
only known substrate for FCP/SCP is the C-terminal domain
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Figure 1. The Three Families of Protein
Serine/Threonine Phosphatases

Protein serine/threonine phosphatases (PSPs)
can be categorized into three families—phospho-
protein phosphatases (PPPs), metal-dependent
protein phosphatases (PPMs), and aspartate-
based phosphatases such as FCP (TFlIF-asso-
ciating component of RNA polymerase I CTD
phosphatase) and SCP (small CTD phosphatase).
Representative members of each family are pre-
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Residues that contribute to metal coordination
and phosphate binding are colored in red and blue,
respectively. The PPP family contains three char-
acteristic sequence motifs within the conserved
30 kD catalytic domain: GDxHG, GDxVDRG, and
GNHE (G, glycine; D, aspartic acid; x, any amino
acid; H, histidine; V, valine; R, arginine; N, aspar-
agine; E, glutamic acid). BBH, CNB-binding helix;
CTD, carboxy-terminal domain; CBD, Ca?*-calm-
odulin-binding motif; Al, autoinhibitory sequence;
TPR, tetratricopeptide repeat; FCPH, FCP-ho-
mology domain. The accession codes for the
proteins depicted are as follows: PP1a, P62136;
PP2Aa, P67775; PP2Ba, Q08209; PP4, P60510;
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All proteins here are from Homo sapiens except for
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(CTD) of RNA polymerase Il, which contains tandem repeats of
a serine-rich heptapeptide. The conserved structural core of
FCP/SCP is the FCP homology (FCPH) domain (Figure 1). FCPs,
but not SCPs, contain a BRCT (BRCA1 C-terminal domain like)
domain that is C-terminal to the FCPH domain.

Over the last two decades of investigation, cellular functions
of PSPs have been documented with increasing detail. An ear-
lier emphasis on functional characterization has recently been
complemented by biochemical and structural investigations of
all three major families of PSPs, giving rise to major advances
in mechanistic understanding. The cellular and physiological
functions of PSPs have been extensively discussed in recent
reviews (Ceulemans and Bollen, 2004; Cohen, 2002, 2004;
Cohen et al., 2005; Gallego and Virshup, 2005; Hinds and San-
chez, 2008; Janssens et al., 2008; Kamenski et al., 2004; Lu
and Wang, 2008; Moorhead et al., 2007). Therefore, this review
will focus on the molecular mechanisms elucidated by recent
biochemical and structural studies.

Protein Phosphatase 1
PP1 is a major protein Ser/Thr phosphatase and is ubiquitously
expressed in all eukaryotic cells. PP1 figures prominently in a wide
range of cellular processes, including meiosis and cell division,
apoptosis, protein synthesis, metabolism, cytoskeletal reorgani-
zation, and the regulation of membrane receptors and channels
(Ceulemans and Bollen, 2004; Cohen, 2002). Commensurate with
its myriad functions, the many forms of PP1 collectively exhibit
broad substrate specificity. However, each assembled and func-
tional PP1 enzyme is thought to display stringent substrate speci-
ficity and elicits specific biological responses.

Each functional PP1 enzyme consists of a catalytic subunit
and a regulatory subunit (R subunit). The catalytic subunit of
PP1 is highly conserved among all eukaryotes, with approxi-

mately 70% or greater protein sequence identity in any pair-
wise alignment. These sequences support a conserved fold
and a similarly positioned active site for all members of the
PPP family. At least 100 putative PP1-binding R subunits have
been identified, with many more expected to be found (Cohen,
2004; Moorhead et al., 2007). Analysis of known R subunits
in diverse eukaryotic lineages suggests an explosive growth
in the number of R subunits concurrent with the evolution of
multicellular organisms (Ceulemans et al., 2002). These R sub-
units may target the PP1 catalytic subunit to specific subcel-
lular compartment, modulate substrate specificity, or serve
as substrates themselves. Thus, the interactions between the
catalytic subunit and specific R subunits are central to the
functions of PP1.

The catalytic subunit of PP1 adopts a compact o/p fold,
with a B sandwich wedged between two o-helical domains
(Egloff et al., 1995; Goldberg et al., 1995) (Figure 1A). Two
metal ions, identified as Mn?* and Fe?* (iron), are located in
the active site at the three-way joint of the B sandwich and
the two helical domains. Coordination of these two metal
ions is provided by three histidines, two aspartic acids, and
one asparagine. These residues are highly conserved in all
members of the PPP family (Figure 2B), suggesting a com-
mon mechanism of metal-catalyzed reaction in the protein
family. The two metal ions are thought to bind and activate
a water molecule, which initiates a nucleophilic attack on the
phosphorous atom (Egloff et al., 1995; Goldberg et al., 1995).
Three shallow surface grooves roughly follow the domain
boundaries and converge at the catalytic center, forming a
Y-shaped surface feature (Figure 2A). Tumor-inducing toxins
such as microcystin and okadaic acid associate tightly with
the active site through interactions with amino acids on the
surface loops of the catalytic center.
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Early studies suggested that most R subunits contain the
sequence motif RVxF/W (R, arginine; V, valine; x, any amino
acid; F, phenylalanine; W, tryptophan). This notion was sup-
ported by the crystal structure of PP1 bound to a peptide con-
taining the sequence RRVSFA (S, serine; A, alanine) (Egloff et
al., 1997). The valine and phenylalanine residues of the peptide
stack against hydrophobic amino acids on the surface of PP1,
whereas the side chain of the first, but not the second, arginine
residue makes hydrogen bonds to PP1. Subsequent studies
focused on the identification and improvement of the consen-
sus peptide sequence (Croci et al., 2003; Enz and Croci, 2003;
Wakula et al., 2003). Most of the R subunits of PP1 were thought
to contain a surface motif of [RK][X],,[VIIX[F/W] (I, isoleucine)
(Wakula et al., 2003). More recently, systematic analysis of the
docking peptides that combined biochemistry with molecu-
lar dynamics gave rise to a refined consensus sequence of
[H/K/R][A/C/H/K/M/N/Q/R/S/T/V][V][C/H/K/N/Q/R/S/T][F/W]
(H, histidine; K, lysine; C, cystein; M, methionine; N, asparag-
ine; Q, glutamine; T, threonine) (Meiselbach et al., 2006). This
consensus sequence allowed the accurate prediction and
experimental confirmation of several previously unknown PP1-
binding proteins and reconciled a body of observations. Within
this consensus sequence, the most conserved valine and phe-
nylalanine/tryptophan residues appear to anchor the binding of
the R subunit to PP1, whereas the other residues provide the
needed specificity for recognizing different R subunits.

How do R subunits help improve substrate specificity? Struc-
tural analysis of PP1 bound to the myosin phosphatase target-
ing subunit (MYPT1) protein revealed a tantalizing clue (Terrak
et al., 2004). MYPT1 associates with PP1 using a tripartite bind-
ing mode. Within MYPT1, a TKVKF sequence interacts with
the conserved hydrophobic surface of PP1, an ankyrin repeat
domain caps the C terminus of PP1, and a hydrophobic N-ter-
minal helix docks onto the surface of PP1 (Figure 2C). Although
the clasping of PP1 by MYPT1 results in no apparent confor-
mational changes, MYPT1 binding does modify the Y-shaped
surface groove surrounding the catalytic center of PP1. This was
thought to enhance substrate specificity by introducing a new
recognition surface for the substrate protein (Terrak et al., 2004).
Consistent with this notion, the ankyrin repeats of MYPT1 are
important for enhanced substrate specificity for myosin despite
relatively weak binding between myosin and isolated ankyrin
repeats (Hirano et al., 1997). A definitive proof of this notion
requires additional biochemical and biophysical investigation
that involves the substrate protein. Comprehensive mechanistic
understanding of PP1 will likely require the structural elucidation
of PP1 bound to different classes of R subunits whose functions
have been biochemically characterized.

The phosphatase activity of PP1 is regulated by a number of
endogenous inhibitory proteins such as inhibitor-1 (I-1) (Nimmo
and Cohen, 1978), inhibitor-2 (I-2) (Foulkes and Cohen, 1980),
CPI-17 (Eto et al., 1997), and DARPP-32 (Walaas and Green-
gard, 1991). Specific inhibition of PP1 by I-1 and DARPP-32
requires phosphorylation of a conserved threonine residue at
the N termini of the inhibitory proteins, which is thought to bind
the active site of PP1 (Desdouits et al., 1995). Despite sequence
conservation, PP2A and PP2B are not sensitive to inhibition by
I-1 or I-2, and this characteristic was the basis for classification
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Figure 2. Structure and Mechanism of Protein Phosphatase 1

(A) Structure of the catalytic subunit (blue) of protein phosphatase 1 (PP1)
bound to okadaic acid (OA, yellow ball and stick). A Y-shaped surface groove
(pink) is defined by the three domains of PP1. The two metal ions (red spheres)
are Mn?* (manganese) and Fe?* (iron).

(B) Conserved coordination of the binuclear metal center in the PPP family
phosphatases. The metal-binding scheme of PP1 where six highly conserved
amino acids bind to the two metal ions is indicated on the left. The corre-
sponding metal-binding residues from other PPP family members are shown
on the right.

(C) Structure of the PP1 catalytic domain (blue) bound to the regulatory sub-
unit myosin phosphatase targeting subunit (MYPT1) protein (green). Three
elements of MYPT1 are involved in the interactions: a VxF (V, valin; x, any
amino acid; F, phenylalanine) motif that binds to the conserved hydrophobic
surface of PP1, an ankyrin repeat domain that caps the C terminus of PP1,
and a hydrophobic N-terminal helix that docks onto the surface of PP1. (Inset)
A close-up view of the recognition of the VxF motif by PP1.

All structural figures were prepared with PyMol (DeLano, 2002).

of type 1 (PP1) versus type 2 phosphatases (Ingebritsen and
Cohen, 1983). By analogy with the PP1 inhibitors, the endog-
enous inhibitors of PP2A were named |,°°?* and |,”7** (Li et al.,
1995) and were found to be putative HLA class ll-associated
protein | (PHAP-I) (Li et al., 1996a) and SET (Li et al., 1996b),
respectively. The mechanism by which PP2A is inhibited by
PHAP-1 and SET remains to be elucidated.

Calcineurin/Protein Phosphatase 2B

Calcineurin (also known as protein phosphatase 2B or PP2B)
plays an important role in numerous calcium-dependent bio-
logical processes, including neurodevelopment and memory,
immune response, cardiac hypertrophy, signal transduction,
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Figure 3. Structure and Mechanism of
Calcineurin

(A) Structure of free calcineurin (also called PP2B),
which consists of calcineurin A (CNA, blue) and cal-
cineurin B (CNB, gold). The CNB-binding helix (BBH)
of CNA and the two calmodulin (CaM)-like domains
of CNB together form a composite surface. The au-
toinhibitory loop forms an o helix and binds the active
site of the phosphatase, blocking substrate access.
The two catalytic metal ions and the four calcium at-
oms are colored red and green, respectively.

(B) The FKBP12-FK506 complex binds to the com-
posite surface formed by CNB and the BBH. This

binding is thought to inhibit calcineurin-mediated
dephosphorylation of nuclear factor of activated T
cell (NFAT), a transcription factor, ultimately resulting
in the suppression of T cell activation. FK506 (yellow)
directly interacts with residues from both CNB and
the BBH domain, explaining why interaction between
calcineurin and FKBP12 requires FK506. FKBP12
(magenta) interacts with both the phosphatase do-
main and the BBH-CNB composite surface.

(C) Structure of calcineurin bound to the cyclophi-
lin-cyclosporin A complex.
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(D) The substrate peptide PxIXIT (P, proline; x, any
amino acid; |, isoleucine; T, threonine) binds to a
surface groove on CNA through B-augmentation,
where the peptide substrate forms a  strand at
the edge of a B sheet in calcineurin. (Inset) The
side chains of the proline and isoleucine residues
in the PxIXIT motif interact with hydrophobic ami-
no acids on the surface of CNA.

(E) A conserved substrate-binding site on PP1 and
calcineurin. The surface groove of CNA occupied
by the PxIXIT peptide corresponds to that of PP1
bound by the RVxF peptide.

and muscle development (Rusnak and Mertz, 2000). Calcineu-
rin consists of a catalytic subunit (calcineurin A or CNA) and
a regulatory subunit (calcineurin B or CNB). CNA contains an
N-terminal phosphatase domain, followed by a CNB-binding
helical domain, a calcium (Ca?*)-calmodulin-binding motif, and
an autoinhibitory element (Figure 1). Calcineurin is inactive
alone and only gains phosphatase activity upon association
with Ca?-calmodulin (Ca?-CaM).

The mechanism of calcineurin autoinhibition was revealed by
its crystal structure (Kissinger et al., 1995), which showed that the
autoinhibitory element forms an a helix and blocks access to the
catalytic center (Figure 3A). The autoinhibitory element interacts
with surface amino acids of the phosphatase domain through a
combination of hydrogen bonds and van der Waals contacts. This
structural feature suggests that displacement of the autoinhibi-
tory element may be required for the activation of the protein. The
phosphatase domain of CNA is structurally similar to the catalytic
subunit of PP1, with the same pattern of metal ion coordination
(Griffith et al., 1995; Kissinger et al., 1995). The two metal ions
associated with the protein were identified as Zn?* (zinc) and Fe®*.
CNB consists of a pair of Ca?-binding domains, each contain-
ing two EF-hand motifs. All four calcium-binding sites in CNB are
fully loaded, with each calcium ion coordinated by five oxygen
atoms—four from side chains and one from a main chain carbo-
nyl group. The two Ca?*-binding domains of CNB are organized
around the CNB-binding helical domain (BBH).

The hydrophobic face of the BBH helix is buried in a greasy
pocket on the surface of CNB, whereas the other exposed
face of BBH forms a composite binding surface with neigh-

boring residues of CNB (Figure 3A). Both the FKBP12-FK506
(Griffith et al., 1995; Kissinger et al., 1995) and the cyclophilin
A (CyPA)-cyclosporin A (CsA) (Huai et al., 2002; Jin and Har-
rison, 2002) complexes associate with this surface through a
similar set of interactions (Figures 3B and 3C), despite a lack of
structural homology between these two complexes. Binding by
these immunosuppressant complexes is thought to inhibit cal-
cineurin-mediated dephosphorylation of the transcription factor
nuclear factor of activated T cell (NFAT), ultimately resulting in
the suppression of T cell activation. In both cases, the immuno-
suppressants make direct interactions with residues from both
CNB and the BBH domain. This observation explains why inter-
actions between calcineurin and immunophilins strictly depend
on the presence of the immunosuppressants. The immunophi-
lins directly interact with both the phosphatase domain and
the BBH-CNB composite surface, with approximately 80% of
the interface residues of calcineurin involved in binding to both
FKBP12-FK506 and CyPA-CsA (Ke and Huai, 2003). Differences
in hydrogen bond interactions appear to dictate the specific rec-
ognition of distinct immunosuppressant complexes, and these
differences provide plausible explanation for the observed immu-
nosuppressant-specific phenotypes. For example, the mutation
of tyrosine 341 to phenylalanine (Y341F) in calcineurin rendered
T lymphocytes and yeast cells resistant to CsA, but not to FK506
(Cardenas et al., 1995; Zhu et al., 1996). In the structure, CsA, but
not FK506, makes two hydrogen bonds to the hydroxyl group of
tyrosine 341 in calcineurin; the Y341F mutation eliminates these
interactions, likely resulting in the weakened interaction between
the CyPA-CsA complex and calcineurin.
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How does the immunophilin-immunosuppressant complex
inhibit the phosphatase activity of calcineurin? An intuitive
explanation is that the relatively close proximity of the bound
immunophilin-immunosuppressant complex to the catalytic
center of calcineurin may hinder substrate access (Griffith et
al., 1995). It is also possible that the composite surface above
BBH, which is occupied by the immunosuppressant complex,
is involved in substrate recognition. In addition, activation of
calcineurin requires Ca?-CaM; yet the Ca?-CaM-binding ele-
ment in the protein is positioned C-terminal to BBH (Figure 1).
Binding of the immunosuppressant complex to the composite
surface involving the BBH domain may negatively affect the
ability of Ca?-CaM to activate the phosphatase domain of
calcineurin.

How does calcineurin recognize substrate proteins? Exten-
sive studies of calcineurin substrates in yeast and mammalian
cells, especially on NFAT1, revealed a consensus recognition
motif of PxIXIT (P, proline) (Bultynck et al., 2006; Czirjak and
Enyedi, 2006; Czirjak et al., 2004; Heath et al., 2004; Li et al.,
2004; Roy et al., 2007). Sequence variations within the PxIXIT
motif results in a wide range of binding affinities—between
0.5 and 250 uM—to calcineurin, (Li et al., 2007). Structural
analysis of calcineurin bound to the peptide PVIVIT (V, valine)
helped to explain the findings of these biochemical studies
(Li et al., 2007; Takeuchi et al., 2007). The PVIVIT peptide
forms a B strand with strand 314 of CNA through main chain
hydrogen bonds (Figure 3D). The side chains of the proline
and the two isoleucine residues in the PVIVIT motif interact
with hydrophobic amino acids on the surface of CNA (Figure
3D), whereas the side chain of threonine makes a hydrogen
bond to aspartic acid 330 of CNA. In addition to the overall
structural similarity between PP1 and calcineurin, the surface
groove of CNA that accommodates the PVIVIT peptide cor-
responds to the surface groove in PP1 that receives the RVxF
peptide (Figure 3E). Although the presence of the PxIXIT motif
is necessary for substrate recognition, additional binding ele-
ments from the substrate may be required for the specific
activity of calcineurin.

How does Ca?*-CaM activate calcineurin? Despite rigor-
ous efforts, a clear answer to this question remains at large.
A structure of a complex between calcineurin and Ca?-CaM
may prove essential for deciphering this puzzle. Nonethe-
less, biochemical and structural investigation has revealed an
intriguing clue. Although Ca*-CaM exists as a monomer, the
Ca?*-CaM-binding motif of calcineurin was shown to induce
the formation of a stable dimer of Ca?*-CaM (Ye et al., 2008).
Structural analysis reveals that the Ca*-CaM-binding motif
of calcineurin forms a contiguous o helix, which organizes
two Ca?-CaM molecules into a head-to-tail dimer (Ye et al.,
2008). This observation suggests that calcineurin may form
a dimer upon activation by Ca?-CaM. Consistent with this
notion, two molecules of calcineurin were found to interact
with a single peptide substrate through B-augmentation,
where the peptide substrate forms a § strand at the edge of
a B sheet in calcineurin (Li et al., 2007). Biochemical analysis
and modeling studies further suggested that it is possible for
Ca?-CaM, calcineurin, and the substrate to form a 2:2:1 com-
plex (Ye et al., 2008).
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Protein Phosphatase 2A

Protein phosphatase activities that regulate cellular metab-
olism are attributed to two types: type 1, namely PP1, and
type 2, which consisted of three enzymes called PP2A, PP2B,
and PP2C (Ingebritsen and Cohen, 1983). In the late 1980s,
this nomenclature was accepted and the catalytic subunits
of PP2A were cloned (Arino et al., 1988; Green et al., 1987;
Stone et al., 1987). PP2A plays an important role in develop-
ment, cell proliferation and death, cell mobility, cytoskeleton
dynamics, the control of the cell cycle, and the regulation of
numerous signaling pathways (Janssens and Goris, 2001); it is
also likely to be an important tumor suppressor (Janssens et
al., 2005; Mumby, 2007). One of the most abundant enzymes,
PP2A accounts for up to 1% of total cellular protein in some
tissues. PP2A is highly conserved from yeast to humans, and
its regulatory mechanism is extraordinarily complex. Cellu-
lar PP2A exists in two general forms—a heterodimeric core
enzyme and a heterotrimeric holoenzyme. The PP2A core
enzyme consists of a scaffold subunit (also known as the A or
PR65 subunit) and a catalytic subunit (C subunit). The scaf-
fold and the catalytic subunits each have two isoforms, o and
B, with the a isoform being about 10-fold more abundant than
the B isoform. The PP2A core enzyme interacts with a vari-
able regulatory subunit to assemble into a holoenzyme. The
regulatory subunits comprise four families: B (also known as
B55 or PR55), B’ (B56 or PR61), B” (PR48/PR72/PR130), and
B (PR93/PR110). Each family consists of two to five isoforms
that are encoded by different genes; some isoforms have mul-
tiple splice variants. For example, the B’ family contains five
isoforms, a, B, v, 8, and €. The human B’y isoform has at least
three different splice variants called y1, y2, and y3. Except for
subunits of the B” family, all members of these regulatory
subunit families have been shown to bind directly to the PP2A
core enzyme. Although highly conserved within the same
family, these regulatory subunits share little sequence simi-
larity across families, and their expression levels vary greatly
in different cell types and tissues.

The PP2A Core Enzyme

The PP2A scaffold subunit contains 15 tandem HEAT (hun-
tingtin-elongation-A subunit-TOR) repeats, which form an
elongated, horseshoe-shaped structure (Groves et al., 1999).
Each HEAT repeat comprises a pair of antiparallel a heli-
ces, with the interhelical loop composed of highly conserved
sequences. A contiguous ridge is formed by the 15 interhelical
loop sequences. Structural analysis revealed that the catalytic
subunit recognizes the conserved ridge of HEAT repeats 11-15
(Xing et al., 2006) (Figure 4A). Two tumor-derived missense
mutations, R418W in the a isoform and V545A in the f isoform
of the scaffold subunit (Ruediger et al., 2001b; Wang et al,,
1998), map to the interface, suggesting a plausible explanation
to the observation that these mutations crippled interaction of
the scaffold with the catalytic subunit (Ruediger et al., 2001a,
2001b). Although other PPP family members share extensive
sequence similarity with the catalytic subunit of PP2A, they do
not associate with the PP2A scaffold subunit. Structural analy-
sis of the interface between the catalytic and scaffold subunits
provides a satisfying explanation to this observation. Among
the amino acids of the PP2A catalytic subunit that specifically
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Figure 4. Assembly, Structure, and Mechanisms of PP2A

(A) Structure of the heterodimeric PP2A core enzyme. The catalytic subunit (green) binds to HEAT (huntingtin-elongation-A subunit-TOR) repeats 11-15 of the
scaffold subunit (gray).

(B) Structure of the heterotrimeric PP2A holoenzyme involving the B’ regulatory subunit. The B’ subunit (yellow) recognizes HEAT repeats 2-8 of the scaffold
subunit and makes extensive interactions with the catalytic subunit.

(C) The B’ subunit is structurally similar to the scaffold subunit of PP2A and the nuclear transport protein karyopherin. B’ contains eight HEAT-like repeats and
has a concave surface that may be responsible for substrate recognition.

(D) Structure of a heterotrimeric PP2A holoenzyme harboring the B regulatory subunit. The B subunit (gold) recognizes HEAT repeats 1-7 and makes few inter-
actions with the catalytic subunit.

(E) The B subunit contains an acidic top face for interaction with the microtubule-binding Tau protein. Eight residues (glutamate 27, E27; lysine 48, K48; gluta-
mate 93; glutamate 94; lysine 95; tyrosine 178, Y178; histidine 179, H179; aspartate 197, D197) that are important for binding to Tau are labeled, with their side
chains in yellow. In addition, a contiguous stretch of seven amino acids (from phenylalanine 84 to leucine 90) important for binding to Tau are indicated only by
the main chain (yellow). Mutation of these seven amino acids also resulted in compromised binding to Tau.

(F) Conformational flexibility of the scaffold subunit of PP2A. Shown here is a comparison between the scaffold subunit (purple), taken from the core enzyme
structure, and the scaffold subunit (gray), taken from the B’-containing holoenzyme structure.

(G) Structure of the PP2A methylesterase PME-1 (brown) bound to the heterodimeric PP2A core enzyme. PME-1, which catalyzes the removal of PP2A methyla-
tion, interacts only with the catalytic subunit of PP2A (green).

(H) Conformational changes of PME-1 upon binding to the PP2A core enzyme. A structural comparison of free PME-1 (cyan) with that bound to the PP2A core
enzyme (brown) shows that helix a4 is shifted in the bound structure, thus allowing the accommodation of the C-terminal peptide of PP2A catalytic subunit.
(I) Formation of an active site in PME-1 upon binding to the PP2A core enzyme. (Inset) Compared to free PME-1, the side chain of histidine 349 (H349) in the
PP2A-bound PME-1 is translocated by 8 A, within hydrogen bond distance of aspartate 181 (D181) and serine 156 (S156).
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interact with the scaffold subunit, most have been replaced by
nonconserved amino acids in PP1, PP2B, PP5, and PP7. The
only exceptions are PP4 and PP6, which contain the majority,
but not all, of these interface residues.

The catalytic subunit of PP2A is the primary target of a num-
ber of potent tumor-inducing toxins, such as okadaic acid (OA)
and microcystin-LR (MCLR). OA has an inhibitory constant of
approximately 0.1 nM for the phosphatase activity of PP2A,
which is about 100-fold more potent than its inhibitory constant
for PP1 (MacKintosh et al., 1990). Both OA and MCLR interact
with a similar set of amino acids surrounding the active site of
the catalytic subunit (Xing et al., 2006). Structural comparison
revealed that a hydrophobic cage in the catalytic subunit of
PP2A that accommodates OA is less well formed in PP1 (Xing
et al., 2006), which may account for the observed differences
in inhibition.

The PP2A Holoenzyme

The heterotrimeric PP2A holoenzyme is believed to exhibit
exquisite substrate specificity as well as spatially and tempo-
rally determined functions. For example, the B’ subunit, but
not B or B”, was thought to be specific for interacting with
shugoshin (Kitajima et al., 2006; Riedel et al., 2006; Tang et
al., 2006), a centromeric protein required for proper genome
segregation (Gregan et al., 2008). In contrast, the B, but not
B’ or B”, subunit was responsible for dephosphorylation of the
microtubule-binding protein Tau (Drewes et al., 1993; Gong
et al., 1994; Xu et al., 2008). Thus structural elucidation of a
PP2A holoenzyme was expected to unveil major insight into
how a regulatory subunit facilitates specific PP2A function. The
structure of the B’-containing PP2A holoenzyme revealed that
the regulatory subunit makes extensive interactions with both
the scaffold subunit, through HEAT repeats 2-8, and the cata-
lytic subunit (Cho and Xu, 2006; Xu et al., 2006) (Figure 4B). The
B’ subunit shows unanticipated structural mimicry to the scaf-
fold subunit and contains eight HEAT-like repeats (Figure 4C).

The structure of the B’ subunit also resembles that of sev-
eral other superhelical proteins, including karyopherin, which
is involved in transporting proteins through the pores of the
nuclear envelope, and -catenin, a component of the Wnt sig-
naling pathway (Figure 4C). In the assembled PP2A holoen-
zyme, the convex surface of B’ associates with the scaffold
subunit, and the acidic, concave surface is tilted toward the
active site pocket of the PP2A catalytic subunit. Similar to
karyopherin and B-catenin (Conti et al., 1998; Graham et al.,
2000), the B’ subunit may use this surface to recognize a sub-
strate protein for its dephosphorylation.

The structure of PP2A holoenzyme harboring the B subunit
shows that the B subunit contains seven WD40 repeats, a
B-hairpin handle, and several additional secondary structural
elements that are located on the top face of the B-propeller
(Xu et al., 2008) (Figure 4D). The bottom face of the 3-propeller
binds to the ridge of HEAT repeats 3-7, and the B-hairpin
handle interacts with HEAT repeats 1 and 2. Unlike the PP2A
holoenzyme containing the B’ subunit, the B subunit makes
few interactions with the catalytic subunit. A shared feature of
the two structurally characterized PP2A holoenzymes is that
the potential substrate-binding site is on the top face of the
regulatory subunit and close to the active site of the catalytic
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subunit. This feature supports the notion that a major function
of the regulatory subunits is to target substrate phosphopro-
teins to the phosphatase activity of PP2A. However, these two
families of regulatory subunit are unrelated by sequence or by
structure, and their specific interactions with the scaffold sub-
unit are quite different.

Substrate Recognition and Targeting

Understanding the function of phosphatases ultimately
requires elucidation of the mechanistic underpinnings of sub-
strate dephosphorylation. The available structural information
for the PP2A holoenzymes greatly facilitates this undertaking,
as exemplified by studies of the microtubule-binding protein
Tau (Xu et al., 2008). Hyperphosphorylated Tau is thought to
polymerize into neurofibrillary tangles in the brain and contrib-
utes to the onset of Alzheimer’s disease (Goedert and Spillan-
tini, 2006). A key function of PP2A is to dephosphorylate the
hyperphosphorylated Tau protein (Bennecib et al., 2000; Gong
et al., 2000; Kins et al., 2001) This activity appears to be medi-
ated by the B family of regulatory subunits (Drewes et al., 1993;
Gong et al., 1994). Using an in vitro dephosphorylation assay
and structure-guided mutagenesis, the respective binding ele-
ments in the B subunit and in Tau were identified (Xu et al.,
2008). This study uncovered two nonoverlapping fragments of
Tau (both within the microtubule-binding repeats) that interact
with the acidic top face of the B subunit (Figure 4E). Because
Tau is frequently hyperphosphorylated on a number of amino
acids throughout its primary protein sequences, the presence
of two PP2A-binding elements likely allows Tau to efficiently
target nearby phosphoresidues to the catalytic subunit.
Flexibility of the PP2A Scaffold Subunit

The limited packing interactions between adjacent HEAT
repeats and the elongated shape of the scaffold subunit sug-
gest conformational flexibility. This property has been demon-
strated by structures of distinct PP2A complexes. Compared
to the free scaffold subunit (Groves et al., 1999), HEAT repeats
13-15 are shifted by 20-30 A upon binding to the catalytic
subunit, with the most drastic change between HEAT repeats
12 and 13 (Xing et al., 2006). Compared to the core enzyme,
formation of holoenzyme harboring the B’ subunit forces the
N-terminal HEAT repeats to twist and move by as much as
50-60 A (Cho and Xu, 2006; Xu et al., 2006) (Figure 4F). These
structural changes, originating from a five-residue sequence in
HEAT repeat 11, rearrange the hydrophobic core both between
and within the HEAT repeats. The remarkable conformational
flexibility of the scaffold subunit likely underlies PP2A function
and may be a prerequisite for binding to the catalytic and the
regulatory subunits. Certain degrees of flexibility in the scaffold
subunit may facilitate the phosphatase activity of the catalytic
subunit through improved targeting of the substrate protein.
Reversible Methylation of PP2A

Reversible methylation of the PP2A core enzyme is a con-
served regulatory mechanism for PP2A function. Methyla-
tion of the C-terminal leucine 309 in a conserved TPDYFL3%®
motif (D, aspartic acid; Y, tyrosine; L, leucine) of the catalytic
subunit was shown to enhance the affinity of the PP2A core
enzyme for some, but not all, regulatory subunits (Ilkehara et
al., 2007; Ogris et al., 1997; Tolstykh et al., 2000; Wei et al.,
2001; Xing et al., 2006; Xu et al., 2006, 2008). Thus, changes in
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Figure 5. Structure and Mechanism of PP5
(A) The structure of PP5 reveals a mechanism of
autoinhibition. The C-terminal aJ helix (magenta) of
- PP5 binds to its N-terminal TPR domain (purple) and
significantly strengthens the interaction between the
tetratricopeptide repeat (TPR) domain, a protein-pro-
tein interaction motif, and the phosphatase domain
(green). These interactions maintain PP5 in an inhibi-
tory state. The catalytic metal ions are colored red.
(B) Structure of the PP5 TPR domain bound to a
high-affinity peptide (orange) derived from the pro-
tein chaperone Hsp90.

(C) The binding locations for the aJ helix and the
Hsp90 peptide do not overlap with each other.
However, the two conformations of the TPR do-
main bound to the aJ helix or the Hsp90 peptide
are markedly different from each other. This allos-
tery may explain the mutual exclusion of aJ helix
and the Hsp90 peptide binding.

PP2A methylation might modulate the specificity and activity
of PP2A in cells. Reversible methylation of PP2A is catalyzed
by two conserved and PP2A-specific enzymes, leucine car-
boxyl methyltransferase (LCMT1) (De Baere et al., 1999; Lee
and Stock, 1993) and PP2A methylesterase (PME-1) (Lee et al.,
1996). PME-1 catalyzes the removal of the methyl group, thus
reversing the activity of LCMT1 (Lee et al., 1996).

Compelling evidence demonstrated that methylation plays an
important, perhaps indispensable, role for the assembly of PP2A
holoenzymes in cells (Bryant et al., 1999; Gentry et al., 2005;
Kloeker et al., 1997; Longin et al., 2007a; Tolstykh et al., 2000; Wei
etal.,2001; Wu et al., 2000; Yu et al., 2001). In these studies, forma-
tion of the PP2A holoenzyme was examined in cellular extracts. In
contrast, several recent investigations relied on recombinant pro-
teins and demonstrated that methylation of the catalytic subunit
was dispensable for the in vitro assembly of PP2A holoenzymes
harboring the B or B’ subunits (Ikehara et al., 2007; Xu et al., 2006,
2008). Neither mutation of the C-terminal leucine residue nor
removal of the 14 C-terminal amino acids in the catalytic subunit
prevented formation of heterotrimeric holoenzymes involving the
B or B’ subunits (Ikehara et al., 2007; Xu et al., 2006, 2008). Other
studies also suggested that methylation was not required for in
vitro assembly of the PP2A holoenzyme involving the B’ subunit
(Gentry et al., 2005; Longin et al., 2007a).

How can these seemingly conflicting observations be recon-
ciled? One potential explanation is that although methylation may
not be required for the assembly of PP2A holoenzymes, it makes
a contribution by enhancing binding affinity, which is sufficient to
favor holoenzyme assembly in cells. Consistent with this notion,
competitive binding experiments between methylated and unm-
ethylated PP2A core enzymes suggested that the methylated
core enzyme exhibited a higher binding affinity for the B subunit
in comparison to the unmethylated core enzyme (Xu et al., 2008).
Another possibility is that methylation may serve as an assembly
signal for the PP2A holoenzyme. The methylated C terminus of
the catalytic subunit may allow it to be targeted to specific cellular
location for holoenzyme assembly. In addition, the methylated C
terminus may recruit other proteins that facilitate the assembly of
the PP2A holoenzymes within the cell. Examination and charac-
terization of mutant mice that express a catalytic subunit lacking
leucine 309 may give insight into the functional importance of the
reversible methylation of PP2A in vivo.

How does PME-1 regulate the activity of PP2A? Structural
and biochemical analysis revealed two striking consequences
for the formation of the heterotrimeric PME-1-PP2A complex
(Xing et al., 2008) (Figure 4G). First, binding of the PP2A core
enzyme to PME-1, which is catalytically inactive by itself, results
in its activation through rearrangement of the catalytic triad,
which consists of serine 156, aspartate 181, and histidine 349
(Figures 4H and 4l). The side chain of histidine 349 translocates
by 8 A to be in register with aspartic acid 181 and serine 156
(Figure 4l). The extensive interactions at the PME-1-PP2A inter-
face also lead to the enlargement of the active site pocket of
PME-1 to accommodate the C-terminal peptide of the catalytic
subunit. Second, the catalytic subunit of PP2A is inactivated
by PME-1, not just through demethylation but also through the
loss of the catalytic metal ions (Xing et al., 2008). In the struc-
ture, the two Mn?* ions in the catalytic center of the PP2A core
enzyme were dislodged, likely due to steric hindrance from the
conserved residue methionine 335 in PME-1 (Xing et al., 2008).
The biological significance of PME-1-mediated PP2A inacti-
vation in cells remains to be investigated (Longin et al., 2004,
2007b).

The interaction between PME-1 and PP2A is subject to regu-
lation by an array of other PP2A-binding factors, including but
not limited to LCMT1 and PTPA. In contrast to PME-1, which
inactivates PP2A, PTPA and LCMT1 activate PP2A. Formation
of a stable complex between PP2A and PME-1 probably blocks
LCMT1-catalyzed methylation. Deletion of PTPA homologs
(Rrd1/Rrd2) in yeast resulted in elevated levels of stable PP2A-
PME-1 complexes and decreased methylation (Hombauer et
al., 2007). The dual roles of PME-1 in counteracting the func-
tion of PTPA and LCMT1 provide a mechanism for coupling
PP2A activation with methylation. The opposing functions of
PME-1 and PTPA might form a regulatory circuit for PP2A inac-
tivation and activation, likely through the removal and reloading
of the catalytic metal ions.

Protein Phosphatase 5

Whereas most PPP family members have isoforms encoded by
different genes, protein phosphatase 5 (PP5) is encoded by a
single gene throughout Eukaryota. Another unique character-
istic of PP5 is that its regulatory and catalytic domains are all
contained within the same polypeptide. PP5 is expressed in all

Cell 139, October 30, 2009 ©2009 Elsevier Inc. 475



mammalian tissues examined, with high levels in the brain. It
regulates cellular proliferation, differentiation, migration, sur-
vival and death, and DNA damage repair (Hinds and Sanchez,
2008). In particular, PP5 plays an important role in hormone-
and stress-induced signaling. For example, PP5 modulates
glucocorticoid receptor (GR) signaling, which controls a range
of physiological functions, including development, metabo-
lism, and reproduction, through direct interactions with the
Hsp90-GR complex (Davies et al., 2005; Golden et al., 2008).
GR proteins not associated with ligand are retained in the cyto-
plasm, whereas the binding of GR to glucocorticoid results in
its release from the Hsp90 complex and subsequent translo-
cation into the nucleus, where it binds to DNA and modulates
gene transcription.

PP5 contains a regulatory domain at its N terminus—the
tetratricopeptide repeat (TPR) domain, a known protein-
protein interaction motif (Figure 1). Similar to calcineurin, the
phosphatase activity of free PP5 is suppressed, because the
TPR domain and a C-terminal helix aJ together maintain PP5
in an autoinhibited conformation. Interactions with the TPR
domain by Hsp90 and fatty acids such as arachidonic acid
lead to release of autoinhibition. Structural analysis of human
PP5 reveals that access to the active site of the phosphatase
domain is blocked by the TPR domain (Yang et al., 2005) (Fig-
ure 5A). Association between the TPR domain and the phos-
phatase domain is strengthened by the aJ helix of PP5, which
directly binds to a surface groove on the TPR domain. A peptide
derived from Hsp90 interacted with the isolated TPR domain
more tightly than with the intact PP5 protein, suggesting that
the ad helix partially blocks Hsp90 binding (Yang et al., 2005).
This observation supports a mutual exclusion model, in which
steric clash between Hsp90 and the aJ helix, upon binding to
the TPR domain, was thought to be responsible for the release
of PP5 autoinhibition (Yang et al., 2005). However, structural
comparison of the TPR domain bound to a high-affinity Hsp90
peptide (Figure 5B) with PP5 revealed no steric clash between
the Hsp90 peptide and the aJ helix (Cliff et al., 2006). Hsp90
binding appears to induce pronounced conformational shift in
the TPR domain, especially in the a7 helix (Figure 5C), which
may no longer be compatible with binding by the aJ helix (Cliff
et al.,, 2006). This allosteric model is consistent with all pub-
lished evidence.

The ability of the TPR domain to undergo ligand-induced
conformational change allows PP5 to respond to a number of
cellular factors and thus may be crucial to PP5 function. For
example, PP5 were found to interact, through its TPR domain,
with the G proteins Ga,, and Ga,, (Yamaguchi et al., 2002) and
the small GTPase Rac (Gentile et al., 2006). These interactions
were found to stimulate the phosphatase activity of PP5, which
subsequently modulates the cognate signaling processes. The
phosphatase activity of the full-length PP5, but not the phos-
phatase domain, is stimulated by polyunsaturated, long-chain
fatty acids such as arachidonic acid. Fatty acids, especially
those with chain length of 16 carbon atoms or more, directly
interact with the TPR domain. These interactions, such as
those with arachidonoyl-CoA, were found to alter the confor-
mation of the PP5 TPR domain, which presumably results in
the release of autoinhibition (Yang et al., 2005). Because cel-
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Figure 6. Structure and Mechanism of PP2C

(A) The structure of PP2C, a metal-dependent protein phosphatase (PPM)
family member, containing the phosphatase domain (cyan) and the C-terminal
helical domain (yellow).

(B) Structure of the prokaryotic PPM homolog PphA from the bacterium Ther-
mosynechococcus elongates. In contrast to PP2C, three metal ions (magenta)
are located in the active site. A surface loop (flap, orange) close to the active
site was shown to play an important role in regulating substrate access to the
catalytic center.

(C) The highly conserved metal binding coordination between mamma-
lian PP2C and phosphatase homologs from prokaryota. All residues (green)
shown are from Thermosynechococcus elongates; residues (cyan) indicated
in parentheses are from the human protein.

lular long-chain fatty acyl-CoA esters are known to play a role
in the regulation of insulin secretion and gene expression, it is
possible that such effects are in part mediated by activated
PP5.

Protein Phosphatase 2C
PP2C and pyruvate dehydrogenase phosphatases belong to
the Mn?*/Mg?*-dependent PPM family. In contrast to the PPP
family phosphatases, PP2C is insensitive to inhibition by oka-
daic acid or microcystin. PP2C represents a large family of
highly conserved protein phosphatases, with 16 distinct PP2C
genes in the human genome that give rise to at least 22 differ-
ent isoforms (Lammers and Lavi, 2007). Plants contain even
more PP2C genes, with 80 and 78 in the model plant Arabi-
dopsis thaliana and rice, respectively (Xue et al., 2008). The
primary function of PP2C appears to be the regulation of stress
signaling, although it also plays a role in cell differentiation,
growth, survival, apoptosis, and metabolism (Lu and Wang,
2008). Some PP2C members, such as PP2Ca, PP2Cp, and PH
domain leucine-rich repeat protein phosphatase (PHLPP), are
candidate tumor suppressor proteins, whereas others, such
as PP2C5 (also known as Wip1), may contribute to oncogenic
transformation.

The conserved catalytic core domain of human PP2C con-
tains a central B sandwich, with each B sheet flanked by a pair
of a helices (Das et al., 1996) (Figure 6A). This arrangement



Figure 7. Structure and Mechanism of FCP/
SCP

(A) Recognition mechanism of a C-terminal domain
(CTD) phosphopeptide from RNA polymerase Il by
the small CTD phosphatase (Scp1). The specific
interactions mainly involve binding of the proline
at the third position (Pro3) in the heptad repeat
sequence YSPTSPS in the CTD by hydrophobic
amino acids from Scp1 and the coordination of the
phosphate group on the phosphorylated serine in
the fifth position (pSer5) in the repeat by the Mg+
ion.

(B) The structure of Fcp1 (TFlIF-associating com-

ponent of RNA polymerase I CTD phosphatase),
which like Scp1 also dephosphorylates the CTD of
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RNA polymerase I, reveals a Y-shaped architec-
ture. The BRCT domain (cyan) of Fcp1 does not
bind to the phosphopeptide as previously thought.
Rather, the CTD peptide is likely accommodated
by the deep canyon between the two arms of the
Y-shaped molecule.

generates a cleft between the two  sheets, with the two metal
ions located at the base of the cleft. Each metal ion is hexa-
coordinated by amino acids and water molecules. Similar to
members of the PPP family, dephosphorylation is thought
to involve nucleophilic attack of the phosphorous atom by a
metal-activated water nucleophile through an S, 2 mechanism.
Three additional o helices, unique to PP2C, associate with the
core domain on one side (Figure 6A) and may contribute to
substrate specificity or regulation.

Genome analysis of the bacterial kingdom, particularly
cyanobacteria, revealed a large number of PPM homologs (Shi,
2004; Zhang et al., 2005; Zhang and Shi, 2004). This observation
suggests that reversible protein serine/threonine phosphoryla-
tion may play an important role in bacterial physiology. Struc-
tural analysis of these PPM homologs has been performed for
PphA from Thermosynechococcus elongates (Schlicker et al.,
2008) (Figure 6B), PstP from Mycobacterium tuberculosis (Pullen
et al., 2004), MspP from Mycobacterium smegmatis (Bellinzoni
et al., 2007; Wehenkel et al., 2007), and SaSTP from Streptococ-
cus agalactiae (Rantanen et al., 2007). The structures of these
PPM homologs are nearly identical to that of the phosphatase
core domain of human PP2C (Figures 6A and 6B), with the active
site residues highly conserved (Figure 6C). Compared to human
PP2C, two notable differences are the presence in these bacte-
rial PPM homologs of a third metal ion and a loop above the
active site (thought to regulate substrate binding and catalysis).

Despite recent progress, much remains to be learned about
the molecular mechanism of PP2C. Unlike the PPP family, PP2C
has a large number of isoforms encoded by different genes. The
different isoforms have distinct sequences and domain organi-
zations. These PP2C isoforms also exhibit distinct functions,
expression patterns, and subcellular localization. How these iso-
forms are regulated during signaling remains largely unknown.
The molecular determinants of substrate specificity for the vari-
ous PP2C isoforms also remain to be elucidated. For example,

in addition to the conserved PP2C phosphatase domain, PHLPP
also contains an N-terminal PH domain and a leucine-rich repeat
(LRR) domain (Brognard et al., 2007; Gao et al., 2005). PHLPP
and PHLPP2 are thought to promote apoptosis and suppress
tumor growth through dephosphorylation of distinct Akt isoforms
(Brognard et al., 2007; Gao et al., 2005). But how the additional PH
and LRR domains may contribute to the phosphastase activity
and substrate specificity remains unclear.

FCP/SCP and Chronophin

In contrast to all other protein Ser/Thr phosphatases dis-
cussed herein, members of the FCP/SCP family rely on the
aspartic acids of the sequence motif DxDxT/V for phos-
phatase activity. Another unusual feature is that FCP/SCP
has only one primary substrate—the CTD of RNA poly-
merase I, which contains tandem repeats of the sequence
YSPTSPS. There are eight putative CTD phosphatases in
the human genome (Zhang et al., 2006). Both the level and
the pattern of the CTD phosphorylation oscillate with cycles
of transcription, with hypophosphorylation in the preinitia-
tion complex and hyperphosphorylation during transcrip-
tion elongation. Phosphorylated serine 5 (pSer5), the ser-
ine at the fifth position in the tandem repeat, is enriched
at transcription initiation and early transcription elongation,
whereas phosphorylation of the serine at the second posi-
tion in the tandem repeat (pSer2) is favored during transcrip-
tion elongation and through the end of transcription. Distinct
patterns of phosphorylation in the CTD are assessed by
regulatory proteins for binding (Fabrega et al., 2003; Glover-
Cutter et al., 2008; Ho and Shuman, 1999) throughout tran-
scription and constitute the so-called “CTD code” (Bura-
towski, 2003). Fcp1 is the main serine phosphatase for the
CTD and can dephosphorylate both pSer2 and pSer5. Fcp1
from the fission yeast Schizosaccharomyces pombe favors
pSer2 over pSer5 as the dephosphorylation substrate by a
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factor of about 6-fold (Hausmann et al., 2004). In contrast,
Scp1 exhibits little activity for pSer2 and prefers pSer5 by a
factor of 70-fold (Zhang et al., 2006).

Structural analysis reveals that Scp1 forms an «/p fold, with
a central five-stranded 3 sheet (Kamenski et al., 2004; Zhang
et al., 2006) (Figure 7A). Despite a lack of detectable sequence
homology, the Scp1 protein core resembles that of the phos-
phoserine phosphatase from Methanococcus jannaschii (Wang
et al., 2001), B-phosphoglucomutase from Lactococcus lactis
(Lahiri et al., 2003), the Bacteroides hexose phosphate phos-
phatase (Lu et al., 2008), and haloacid dehalogenase (HAD)
from Xanthobacter autotrophicus (Ridder et al., 1999). The sig-
nature motif DxDXT is located C-terminal to the first g strand of
the conserved core domain. A three-stranded f sheet, termed
the insertion domain, immediately follows the DxDXT motif. The
close proximity of the insertion domain to the catalytic aspar-
tate residues suggests a potential role for the region in cataly-
sis. Consistent with this notion, a pSer5-containing CTD pep-
tide is bound to the cleft between the insertion domain and the
core domain (Zhang et al., 2006) (Figure 7A). The recognition
specificity is mainly provided by Mg?-mediated coordination
of the phosphate group of pSer5 and interaction of the pro-
line at the third position in the repeat (Pro3) with hydrophobic
amino acids from the insertion domain (Figure 7A, right panel).
This mode of binding provides a plausible explanation for why
Scp1 favors pSer5 over pSer2.

Fcp1 forms a Y-shaped structure, with the conserved FCPH
domain as the base and bottom stem (Ghosh et al., 2008) (Fig-
ure 7B). The single BRCT domain forms one arm, and the inser-
tion domain, which contains four extra o helices compared to
Scp1, constitutes the other arm. This architecture generates a
deep canyon at the center of Fcp1, with the DxDXT motif and
the bound Mg? ion at the base of the canyon. The structural
arrangement excludes the possibility that the CTD peptide may
bind to the same location in Fcp1 as in Scp1. Biochemical and
structural analysis strongly argues that the canyon between
the two arms of Fcp1l may accommodate the CTD substrate
(Ghosh et al., 2008).

The catalytic mechanism of Fcp1/Scp1 may involve two
sequential steps (Ghosh et al., 2008; Kamenski et al., 2004).
First, an oxygen atom from the carboxylate group of the N-ter-
minal aspartate in the DxDXT motif initiates a nucleophilic attack
on the phosphorous atom of a pSer, forming an acylphosphate
intermediate. Second, a water nucleophile, likely activated by
the second aspartate in the DxDXT motif, attacks the phospho-
rous atom of the acylphosphate intermediate, resulting in the
release of an inorganic phosphate. Mg?* is thought to facilitate
both steps of the reaction by neutralizing the negative charges
of the phosphate group. It is important to note that the role of
the metal ion (Mg#) in Fcp1/Scp1 is different from that in the
PPP or PPM family, where the metal ions are directly involved
in catalysis through the activation of a water nucleophile.

Chronophin, a member of the HAD family, is also an aspar-
tate-based PSP (Gohla et al., 2005). Like FCP/SCP, it contains
the signature sequence motif DxDXT and has a similar active
site (PDB code 2CFR). Another striking similarity between FCP/
SCP and chronophin is that they each have only one known
substrate protein. Chronophin dephosphorylates pSer3 of
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cofilin, an important regulator of actin dynamics, leading to its
activation (Gohla et al., 2005). The mechanisms by which chro-
nophin recognizes and dephosphorylates cofilin remain to be
elucidated.

Other Protein Ser/Thr Phosphatases

This review focuses on the PSPs for which structural informa-
tion is available. Some of the other PSPs share considerable
sequence similarity with the structurally characterized PSPs
and are expected to exhibit similar structural features. For exam-
ple, the catalytic subunits of PP4 and PP6 are closely related
to the catalytic subunit of PP2A (Figure 1). Both PP4 and PP6
are essential PSPs in all eukaryotic species and are thought to
regulate a diverse range of cellular functions independently of
PP2A (Cohen et al., 2005; Kajino et al., 2006; Mi et al., 2009; Ste-
fansson and Brautigan, 2007). In analogy to PP2A, the catalytic
subunit of PP6 is thought to form a heterotrimeric holoenzyme,
with a Sit4-associated protein (SAP) domain-containing scaffold
subunit and an ankyrin repeat subunit that likely serves as the
regulatory subunit (Stefansson et al., 2008). The catalytic sub-
unit of PP4 also associates with its own regulatory subunits R1
and R2 to form distinct complexes (Cohen et al., 2005). In con-
trast to PP4 and PP6, PP7 appears to be unique to plants. Unlike
other members of the PPP family, PP7 contains three insertions
in its phosphatase domain, and the recombinant PP7 protein
gained phosphatase activity only after cleavage of the longest
insertion, suggesting an autoinhibitory role (Kutuzov et al., 1998).
PP7 was shown to interact with Ca?-CaM, but in contrast to
calcineurin, this interaction appears to inhibit the phosphatase
activity of PP7 (Kutuzov et al., 2001).

There are also other unique PSPs. For example, protein
phosphatases with kelch-like repeats (PPKLs) contain a C-ter-
minal domain, a PP1-related Ser/Thr phosphatase domain,
and a predicted N-terminal B-propeller domain comprising
multiple kelch-like repeats (Kutuzov and Andreeva, 2002). The
kelch repeats are likely involved in substrate recognition and
interaction with other proteins. PPKLs have been identified in
plants, green algae, and parasites (Moorhead et al., 2009). The
function and molecular mechanisms of PPKLs remain largely
uncharacterized.

Perspective
Many features of PSPs are different from those of PTPs. In
contrast to PSPs, 99 of the 107 PTPs in the human genome
are cysteine-based phosphatases, which are likely evolved
from a common ancestor and share a similar structure for the
phosphatase domain (Alonso et al., 2004). Consequently, the
catalytic mechanisms of the metal-dependent PSPs—PPP
and PPM—differ from those of the cysteine-based PTPs. Most
PTPs contain one or more additional domains, which medi-
ate interactions with other proteins and/or phospholipids. The
single-chain, multidomain feature of PTPs, which may afford
stringent specificity and tight regulation, contrasts with the
multisubunit characteristic of most PSPs that likely generates
greater substrate diversity and flexibility.

Phosphorylation primarily occurs on serine, threonine, and
tyrosine residues in eukaryotic proteins. In contrast, prokary-
otic proteins, such as those of the bacterial two-component



signaling systems, were thought to be mainly phosphorylated
on histidine and aspartic acid residues. Recent phosphopro-
teomic analyses, however, have revealed widespread phos-
phorylation on serine, threonine, and tyrosine residues in many
essential proteins of both Gram-positive and Gram-negative
bacteria (Macek et al., 2007, 2008; Soufi et al., 2008). These
observations, together with the finding that bacteria contain
a number of PPM-like Ser/Thr phosphatases, suggest a criti-
cal role for serine/threonine/tyrosine phosphorylation and
dephosphorylation in the prokaryotic life cycle. Discovery of
Ser/Thr-specific and Tyr-specific kinases and phosphatases
in bacteria and characterization of their activities are likely to
reveal additional principles of bacterial signaling.

In the human genome, the number of genes encoding the
catalytic subunit of protein Ser/Thr phosphatases is much
smaller than the number of genes that encode protein Ser/Thr
kinases. In this regard, how can the PSPs ensure specificity
in cell signaling? The answer to this question appears to be
straightforward for the PPP family of phosphatases. Through
association with multiple regulatory subunits and other inter-
acting proteins, each catalytic subunit gains the ability to form
a large number of different holoenzymes, each with potentially
distinct substrate specificity. This scenario is exemplified by
PP1, which has more than 100 R subunits, and by PP2A, which
has a unique tripartite organization. The scaffold and the cata-
lytic subunits of PP2A are each encoded by two genes, giving
rise to the a and B isoforms; the regulatory subunits of PP2A
comprise four families, each also encoded by several genes.
Together, the combination of these three subunits generates
a large number of heterotrimeric PP2A holoenzymes, each
of which could serve a distinct function. For example, the &
isoform of the B’ subunit is involved in dephosphorylation of
Cdc25, which is required for its sequestration by the adaptor
protein 14-3-3 in DNA-responsive checkpoints (Margolis et al.,
2006). The release of Cdc25 would lead to activation of Cdc2/
CyclinB and cell-cycle progression. In contrast, B'a specifically
associates with and dephosphorylates the proto-oncogene
c-Myc, resulting in its degradation (Arnold and Sears, 2006).
In addition, other interacting proteins may help target PP2A to
specific cellular locations and thus further enhance substrate
specificity. Recent biochemical and structural characterization
suggests that shugoshin-mediated recruitment of PP2A to the
centromere might be solely intended for the dephosphorylation
of cohesin, thereby preventing cleavage of cohesin by separase
during meiosis | to prevent premature sister chromatid separa-
tion (Xu et al., 2009). Supporting this notion, shugoshin binding
did not affect the dephosphorylation of peptide substrate (Xu
et al., 2009). Identification of specific PP2A holoenzyme(s) or
other PSPs and their targeting/interacting proteins in specific
cellular processes is only beginning and will likely have a major
impact on mechanistic understanding of cellular physiology.

Structure underlies function and its elucidation can reveal
mechanism. Recent biochemical and structural investiga-
tion of protein Ser/Thr phosphatases has given considerable
insight into the mechanisms that underlie their assembly, acti-
vation, catalysis, substrate recognition, and regulation. Despite
these advances, comprehensive mechanistic understanding is
far from complete. There are major unanswered questions for

every family or subfamily of PSPs. What we know today likely
represents only a small proportion of what is required to have
a comprehensive understanding on the function and mecha-
nisms of PSPs. First, structural and mechanistic character-
ization of the core components of PSPs remains preliminary.
For example, despite the elegant work on the PP1-MYPT1
complex, we do not yet have a general understanding of the
mechanisms by which the R subunits modulate the function
and activity of the PP1 catalytic subunit. We also do not yet
understand the mechanisms by which Ca?-CaM binds and
activates calcineurin. We have no structural information on the
B” family of regulatory subunits or its complex with the PP2A
core enzyme. Second, mechanistic information regarding the
recognition and dephosphorylation of specific substrate pro-
tein is scant. In fact, the physiological substrate proteins for
most PSPs remain to be identified, and this is a major current
focus of the phosphatase field. At present, only a few struc-
tures of PSPs bound to substrate peptide have been eluci-
dated; there is no structural information available for a PSP
bound to a phosphoprotein substrate. Third, beyond the regu-
latory subunits, although PSPs interact with a large number
of cellular and viral proteins, the mechanisms by which PSPs
are regulated by these proteins remain largely enigmatic. For
example, it is still unclear how the antiapoptosis protein o4
modulates the activity and specificity of PP2A through compe-
tition with the scaffold subunit (Kong et al., 2004; Prickett and
Brautigan, 2004). However, the structure of Tap42, the a4 pro-
tein in Saccharomyces cerevisiae, has revealed that the pro-
tein has a TPR-like fold and allowed the identification of amino
acids that are important for binding to PP2A (Yang et al., 2007).
One of the few well-characterized examples of PSP interaction
with viral proteins involves the small t antigen of SV40, which
specifically inhibits the phosphatase activity of the PP2A core
enzyme and interferes with recruitment of the regulatory sub-
units (Chen et al., 2007; Cho et al., 2007; Pallas et al., 1990;
Walter et al., 1990).

At a more specific level, little is known about the regulation
of phosphatase activity or specificity by the regulatory sub-
units of PSPs. Existing evidence suggests that some PSPs
may exhibit phosphotyrosine phosphatase activity under
some circumstances. For example, PP2A was found to have
a basal level of phosphotyrosine phosphatase activity, and
PTPA stimulated this activity by more than 10-fold while sup-
pressing the phosphoserine/phosphothreonine phosphatase
activity of PP2A (Cayla et al., 1990; Chao et al., 2006; Van
Hoof et al., 1994). How PTPA accomplishes this remains to be
investigated, although available evidence showed that PTPA
and the PP2A core enzyme form a composite ATPase. Within
this ATPase, ATP hydrolysis was required for the enhanced
phosphortyrosine phosphatase activity of PP2A (Cayla et al.,
1990; Chao et al., 2006). Other studies suggested that PTPA
might function as a cis-trans prolyl isomerase with specific-
ity for a conserved proline residue close to the active site of
the PP2A catalytic domain (Jordens et al., 2006; Leulliot et al.,
2006). Because the observed PTPA prolyl isomerase activity
was stimulated by Mg?/ATP, it is possible that prolyl isomer-
ization, fueled the ATP hydrolysis, may be responsible for the
altered substrate specificity through conformational changes
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in the active site. Regardless of the exact mechanism, these
observations raise the question of whether PP2A can ever be
a physiologically meaningful PTP in cells and, if so, under what
cellular context. As PP2A is highly conserved from yeasts to
mammals, it remains to be seen whether there are conserved
phosphotyrosine substrate proteins for PP2A.

The regulation and function of PSPs may turn out to be more
complex as regulatory subunits are characterized in greater
detail. Nonetheless, the principal conclusion derived from such
studies is unlikely to change, that is, both the activity and the
phosphatase specificity of PSPs are subject to regulation in
response to the formation of a wide variety of distinct com-
plexes.

ACKNOWLEDGMENTS

This work was supported by funds from the Ministry of Science and Technol-
ogy (grant number 2009CB918801), Tsinghua University 985 Phase Il funds,
the National Natural Science Foundation, and the Beijing Municipal Commis-
sions of Education and Science and Technology.

REFERENCES

Alonso, A., Sasin, J., Bottini, N., Friedberg, |., Friedberg, ., Osterman, A.,
Godzik, A., Hunter, T., Dixon, J., and Mustelin, T. (2004). Protein tyrosine phos-
phatases in the human genome. Cell 7177, 699-711.

Arino, J., Woon, C.W., Brautigan, D.L., Miller, T.B., Jr., and Johnson, G.L.
(1988). Human liver phosphatase 2A: cDNA and amino acid sequence of two
catalytic subunit isotypes. Proc. Natl. Acad. Sci. USA 85, 4252-4256.

Arnold, H.K., and Sears, R.C. (2006). Protein phosphatase 2A regulatory sub-
unit B56alpha associates with c-myc and negatively regulates c-myc accu-
mulation. Mol. Cell. Biol. 26, 2832-2844.

Bellinzoni, M., Wehenkel, A., Shepard, W., and Alzari, PM. (2007). Insights
into the catalytic mechanism of PPM Ser/Thr phosphatases from the atomic
resolution structures of a mycobacterial enzyme. Structure 75, 863-872.

Bennecib, M., Gong, C.X., Grundke-Igbal, I., and Igbal, K. (2000). Role of pro-
tein phosphatase-2A and -1 in the regulation of GSK-3, cdk5 and cdc2 and
the phosphorylation of tau in rat forebrain. FEBS Lett. 490, 15-22.

Brognard, J., Sierecki, E., Gao, T., and Newton, A.C. (2007). PHLPP and a
second isoform, PHLPP2, differentially attenuate the amplitude of Akt signal-
ing by regulating distinct Akt isoforms. Mol. Cell 25, 917-931.

Bryant, J.C., Westphal, R.S., and Wadzinski, B.E. (1999). Methylated C-ter-
minal leucine residue of PP2A catalytic subunit is important for binding of
regulatory Balpha subunit. Biochem. J. 339, 241-246.

Bultynck, G., Heath, V.L., Majeed, A.P,, Galan, J.M., Haguenauer-Tsapis, R.,
and Cyert, M.S. (2006). SIm1 and sIm2 are novel substrates of the calcineurin
phosphatase required for heat stress-induced endocytosis of the yeast uracil
permease. Mol. Cell. Biol. 26, 4729-4745.

Buratowski, S. (2003). The CTD code. Nat. Struct. Biol. 10, 679-680.

Cardenas, M.E., Muir, R.S., Breuder, T., and Heitman, J. (1995). Targets of
immunophilin-immunosuppressant complexes are distinct highly conserved
regions of calcineurin A. EMBO J. 14, 2772-2783.

Cayla, X., Goris, J., Hermann, J., Hendrix, P., Ozon, R., and Merlevede, W.
(1990). Isolation and characterization of a tyrosyl phosphatase activator
from rabbit skeletal muscle and Xenopus laevis oocytes. Biochemistry 29,
633-642.

Ceulemans, H., and Bollen, M. (2004). Functional diversity of protein phos-
phatase-1, a cellular economizer and reset button. Physiol. Rev. 84, 1-39.

Ceulemans, H., Stalmans, W., and Bollen, M. (2002). Regulator-driven func-
tional diversification of protein phosphatase-1 in eukaryotic evolution. Bioes-

480 Cell 139, October 30, 2009 ©2009 Elsevier Inc.

says 24, 371-381.

Chao, Y., Xing, Y., Chen, Y., Xu, Y., Lin, Z., Li, Z., Jeffrey, P.D., Stock, J.B., and
Shi, Y. (2006). Structure and mechanism of the phosphotyrosyl phosphatase
activator. Mol. Cell 23, 535-546.

Chen, Y., Xu, Y., Bao, Q., Xing, Y., Li, Z., Lin, Z., Stock, J.B., Jeffrey, PD.,
and Shi, Y. (2007). Structural and biochemical insights into the regulation of
protein phosphatase 2A by small t antigen of SV40. Nat. Struct. Mol. Biol.
14, 527-534.

Cho, U.S., and Xu, W. (2006). Crystal structure of a protein phosphatase 2A
heterotrimeric holoenzyme. Nature 445, 53-57.

Cho, U.S., Morrone, S., Sablina, A.A., Arroyo, J.D., Hahn, W.C., and Xu, W.
(2007). Structural basis of PP2A inhibition by small t antigen. PLoS Biol. 5,
e202.

Cliff, M.J., Harris, R., Barford, D., Ladbury, J.E., and Williams, M.A. (2006).
Conformational diversity in the TPR domain-mediated interaction of protein
phosphatase 5 with Hsp90. Structure 14, 415-426.

Cohen, P.T. (2002). Protein phosphatase 1-targeted in many directions. J. Cell
Sci. 115, 241-256.

Cohen, PT. (2004). Overview of protein serine/threonine phosphatases. In
Protein Phosphatases, J. Arino, ed. (Berlin: Springer), pp. 1-20.

Cohen, PT., Philp, A., and Vazquez-Martin, C. (2005). Protein phosphatase
4—from obscurity to vital functions. FEBS Lett. 579, 3278-3286.

Conti, E., Uy, M., Leighton, L., Blobel, G., and Kuriyan, J. (1998). Crystal-
lographic analysis of the recognition of a nuclear localization signal by the
nuclear import factor karyopherin alpha. Cell 94, 193-204.

Cori, G.T., and Green, A.A. (1943). Crystalline muscle phosphorylase. Il. Pros-
thetic group. J. Biol. Chem. 157, 31-38.

Croci, C., Sticht, H., Brandstatter, J.H., and Enz, R. (20083). Group | metabotro-
pic glutamate receptors bind to protein phosphatase 1C. Mapping and mod-
eling of interacting sequences. J. Biol. Chem. 278, 50682-50690.

Czirjak, G., and Enyedi, P. (2006). Targeting of calcineurin to an NFAT-like
docking site is required for the calcium-dependent activation of the back-
ground K+ channel, TRESK. J. Biol. Chem. 281, 14677-14682.

Czirjak, G., Toth, Z.E., and Enyedi, P. (2004). The two-pore domain K+ chan-
nel, TRESK, is activated by the cytoplasmic calcium signal through calcineu-
rin. J. Biol. Chem. 279, 18550-18558.

Das, A.K., Helps, N.R., Cohen, PT., and Barford, D. (1996). Crystal structure
of the protein serine/threonine phosphatase 2C at 2.0 A resolution. EMBO J.
15, 6798-6809.

Davies, T.H., Ning, Y.M., and Sanchez, E.R. (2005). Differential control of glu-
cocorticoid receptor hormone-binding function by tetratricopeptide repeat
(TPR) proteins and the immunosuppressive ligand FK506. Biochemistry 44,
2030-2038.

De Baere, |., Derua, R., Janssens, V., Van Hoof, C., Waelkens, E., Merlevede,
W., and Goris, J. (1999). Purification of porcine brain protein phosphatase
2A leucine carboxyl methyltransferase and cloning of the human homologue.
Biochemistry 38, 16539-16547.

Delano, W.L. (2002). The PyMOL Molecular Graphics System. http://wwwpy-
molorg.

Desdouits, F., Cheetham, J.J., Huang, H.B., Kwon, Y.G., da Cruz e Silva, E.F,,
Denefle, P, Ehrlich, M.E., Nairn, A.C., Greengard, P, and Girault, J.A. (1995).
Mechanism of inhibition of protein phosphatase 1 by DARPP-32: studies with
recombinant DARPP-32 and synthetic peptides. Biochem. Biophys. Res.
Commun. 206, 652-658.

Drewes, G., Mandelkow, E.M., Baumann, K., Goris, J., Merlevede, W., and
Mandelkow, E. (1993). Dephosphorylation of tau protein and Alzheimer
paired helical filaments by calcineurin and phosphatase-2A. FEBS Lett. 336,
425-432.

Egloff, M.P.,, Cohen, P.T., Reinemer, P., and Barford, D. (1995). Crystal struc-



ture of the catalytic subunit of human protein phosphatase 1 and its complex
with tungstate. J. Mol. Biol. 254, 942-959.

Egloff, M.P,, Johnson, D.F., Moorhead, G., Cohen, P.T., Cohen, P., and Barford,
D. (1997). Structural basis for the recognition of regulatory subunits by the
catalytic subunit of protein phosphatase 1. EMBO J. 16, 1876-1887.

Enz, R., and Croci, C. (2003). Different binding motifs in metabotropic glu-
tamate receptor type 7b for filamin A, protein phosphatase 1C, protein in-
teracting with protein kinase C (PICK) 1 and syntenin allow the formation of
multimeric protein complexes. Biochem. J. 372, 183-191.

Eto, M., Senba, S., Morita, F., and Yazawa, M. (1997). Molecular cloning of a
novel phosphorylation-dependent inhibitory protein of protein phosphatase-1
(CPI17) in smooth muscle: its specific localization in smooth muscle. FEBS
Lett. 470, 356-360.

Fabrega, C., Shen, V., Shuman, S., and Lima, C.D. (2003). Structure of an
mRNA capping enzyme bound to the phosphorylated carboxy-terminal do-
main of RNA polymerase Il. Mol. Cell 17, 1549-1561.

Fischer, E.H., and Krebs, E.G. (1955). Conversion of phosphorylase b to phos-
phorylase a in muscle extracts. J. Biol. Chem. 276, 121-132.

Foulkes, J.G., and Cohen, P. (1980). The regulation of glycogen metabolism.
Purification and properties of protein phosphatase inhibitor-2 from rabbit skel-
etal muscle. Eur. J. Biochem. 705, 195-2083.

Gallego, M., and Virshup, D.M. (2005). Protein serine/threonine phosphatases:
life, death, and sleeping. Curr. Opin. Cell Biol. 17, 197-202.

Gao, T., Furnari, F., and Newton, A.C. (2005). PHLPP: a phosphatase that
directly dephosphorylates Akt, promotes apoptosis, and suppresses tumor
growth. Mol. Cell 718, 13-24.

Gentile, S., Darden, T., Erxleben, C., Romeo, C., Russo, A., Martin, N., Rossie,
S., and Armstrong, D.L. (2006). Rac GTPase signaling through the PP5 protein
phosphatase. Proc. Natl. Acad. Sci. USA 103, 5202-5206.

Gentry, M.S., Li, Y., Wei, H., Syed, FF, Patel, S.H., Hallberg, R.L., and Pallas,
D.C. (2005). A novel assay for protein phosphatase 2A (PP2A) complexes in
vivo reveals differential effects of covalent modifications on different Saccha-
romyces cerevisiae PP2A heterotrimers. Eukaryot. Cell 4, 1029-1040.

Ghosh, A., Shuman, S., and Lima, C.D. (2008). The structure of Fcp1, an es-
sential RNA polymerase Il CTD phosphatase. Mol. Cell 32, 478-490.

Glover-Cutter, K., Kim, S., Espinosa, J., and Bentley, D.L. (2008). RNA poly-
merase |l pauses and associates with pre-mRNA processing factors at both
ends of genes. Nat. Struct. Mol. Biol. 15, 71-78.

Goedert, M., and Spillantini, M.G. (20086). A century of Alzheimer’s disease.
Science 314, 777-781.

Gohla, A., Birkenfeld, J., and Bokoch, G.M. (2005). Chronophin, a novel HAD-
type serine protein phosphatase, regulates cofilin-dependent actin dynamics.
Nat. Cell Biol. 7, 21-29.

Goldberg, J., Huang, H.B., Kwon, Y.G., Greengard, P., Nairn, A.C., and Kuri-
yan, J. (1995). Three-dimensional structure of the catalytic subunit of protein
serine/threonine phosphatase-1. Nature 376, 745-753.

Golden, T., Swingle, M., and Honkanen, R.E. (2008). The role of serine/threo-
nine protein phosphatase type 5 (PP5) in the regulation of stress-induced sig-
naling networks and cancer. Cancer Metastasis Rev. 27, 169-178.

Gong, C.X., Grundke-Igbal, I., and Igbal, K. (1994). Dephosphorylation of Al-
zheimer’s disease abnormally phosphorylated tau by protein phosphatase-
2A. Neuroscience 61, 765-772.

Gong, C.X., Lidsky, T., Wegiel, J., Zuck, L., Grundke-Igbal, I., and Igbal, K.
(2000). Phosphorylation of microtubule-associated protein tau is regulated by
protein phosphatase 2A in mammalian brain. Implications for neurofibrillary
degeneration in Alzheimer’s disease. J. Biol. Chem. 275, 5535-5544.

Graham, T.A., Weaver, C., Mao, F., Kimelman, D., and Xu, W. (2000). Crystal
structure of a beta-catenin/Tcf complex. Cell 703, 885-896.

Green, D.D., Yang, S.l., and Mumby, M.C. (1987). Molecular cloning and

sequence analysis of the catalytic subunit of bovine type 2A protein phos-
phatase. Proc. Natl. Acad. Sci. USA 84, 4880-4884.

Gregan, J., Spirek, M., and Rumpf, C. (2008). Solving the shugoshin puzzle.
Trends Genet. 24, 205-207.

Griffith, J.P,, Kim, J.L., Kim, E.E., Sintchak, M.D., Thomson, J.A., Fitzgibbon,
M.J., Fleming, M.A., Caron, P.R., Hsiao, K., and Navia, M.A. (1995). X-ray
structure of calcineurin inhibited by the immunophilin-immunosuppressant
FKBP12-FK506 complex. Cell 82, 507-522.

Groves, M.R., Hanlon, N., Turowski, P., Hemmings, B.A., and Barford, D.
(1999). The structure of the protein phosphatase 2A PR65/A subunit reveals
the conformation of its 15 tandemly repeated HEAT motifs. Cell 96, 99-110.

Hausmann, S., Erdjument-Bromage, H., and Shuman, S. (2004). Schizosac-
charomyces pombe carboxyl-terminal domain (CTD) phosphatase Fcp1: dis-
tributive mechanism, minimal CTD substrate, and active site mapping. J. Biol.
Chem. 279, 10892-10900.

Heath, V.L., Shaw, S.L., Roy, S., and Cyert, M.S. (2004). Hph1p and Hph2p,
novel components of calcineurin-mediated stress responses in Saccharomy-
ces cerevisiae. Eukaryot. Cell 3, 695-704.

Hinds, T.D., Jr., and Sanchez, E.R. (2008). Protein phosphatase 5. Int. J. Bio-
chem. Cell Biol. 40, 2358-2362.

Hirano, K., Phan, B.C., and Hartshorne, D.J. (1997). Interactions of the subunits
of smooth muscle myosin phosphatase. J. Biol. Chem. 272, 3683-3688.

Ho, C.K., and Shuman, S. (1999). Distinct roles for CTD Ser-2 and Ser-5 phos-
phorylation in the recruitment and allosteric activation of mammalian mRNA
capping enzyme. Mol. Cell 3, 405-411.

Hombauer, H., Weismann, D., Mudrak, I., Stanzel, C., Fellner, T., Lackner,
D.H., and Ogris, E. (2007). Generation of active protein phosphatase 2A is
coupled to holoenzyme assembly. PLoS Biol. 5, e155.

Huai, Q., Kim, H.Y., Liu, Y., Zhao, Y., Mondragon, A., Liu, J.O., and Ke, H.
(2002). Crystal structure of calcineurin-cyclophilin-cyclosporin shows com-
mon but distinct recognition of immunophilin-drug complexes. Proc. Natl.
Acad. Sci. USA 99, 12037-12042.

Hunter, T., and Sefton, B.M. (1980). Transforming gene product of Rous sarco-
ma virus phosphorylates tyrosine. Proc. Natl. Acad. Sci. USA 77, 1311-1315.

lkehara, T., lkehara, S., Imamura, S., Shinjo, F, and Yasumoto, T. (2007).
Methylation of the C-terminal leucine residue of the PP2A catalytic subunit
is unnecessary for the catalytic activity and the binding of regulatory subunit
(PR55/B). Biochem. Biophys. Res. Commun. 354, 1052-1057.

Ingebritsen, T.S., and Cohen, P. (1983). The protein phosphatases involved
in cellular regulation. 1. Classification and substrate specificities. Eur. J. Bio-
chem. 132, 255-261.

Janssens, V., and Goris, J. (2001). Protein phosphatase 2A: a highly regulated
family of serine/threonine phosphatases implicated in cell growth and signal-
ling. Biochem. J. 353, 417-439.

Janssens, V., Goris, J., and Van Hoof, C. (2005). PP2A: the expected tumor
suppressor. Curr. Opin. Genet. Dev. 15, 34-41.

Janssens, V., Longin, S., and Goris, J. (2008). PP2A holoenzyme assembly: in
cauda venenum (the sting is in the tail). Trends Biochem. Sci. 33, 113-121.

Jin, L., and Harrison, S.C. (2002). Crystal structure of human calcineurin com-
plexed with cyclosporin A and human cyclophilin. Proc. Natl. Acad. Sci. USA
99, 13522-13526.

Johnson, S.A., and Hunter, T. (2005). Kinomics: methods for deciphering the
kinome. Nat. Methods 2, 17-25.

Jordens, J., Janssens, V., Longin, S., Stevens, I., Martens, E., Bultynck, G.,
Engelborghs, VY., Lescrinier, E., Waelkens, E., Goris, J., et al. (2006). The pro-
tein phosphatase 2A phosphatase activator is a novel peptidyl-prolyl cis/
trans-isomerase. J. Biol. Chem. 281, 6349-6357.

Kajino, T., Ren, H., lemura, S., Natsume, T., Stefansson, B., Brautigan, D.L.,
Matsumoto, K., and Ninomiya-Tsuji, J. (2006). Protein phosphatase 6 down-

Cell 139, October 30, 2009 ©2009 Elsevier Inc. 481



regulates TAK1 kinase activation in the IL-1 signaling pathway. J. Biol. Chem.
281, 39891-39896.

Kamenski, T., Heilmeier, S., Meinhart, A., and Cramer, P. (2004). Structure and
mechanism of RNA polymerase Il CTD phosphatases. Mol. Cell 15, 399-407.

Ke, H., and Huai, Q. (20083). Structures of calcineurin and its complexes with
immunophilins-immunosuppressants. Biochem. Biophys. Res. Commun.
311, 1095-1102.

Kins, S., Crameri, A., Evans, D.R., Hemmings, B.A., Nitsch, R.M., and Gotz,
J. (2001). Reduced protein phosphatase 2A activity induces hyperphospho-
rylation and altered compartmentalization of tau in transgenic mice. J. Biol.
Chem. 276, 38193-38200.

Kissinger, C.R., Parge, H.E., Knighton, D.R., Lewis, C.T., Pelletier, L.A,,
Tempczyk, A., Kalish, V.J., Tucker, K.D., Showalter, R.E., Moomaw, E.W., et
al. (1995). Crystal structures of human calcineurin and the human FKBP12-
FK506-calcineurin complex. Nature 378, 641-644.

Kitajima, T.S., Sakuno, T., Ishiguro, K., lemura, S., Natsume, T., Kawashima,
S.A., and Watanabe, Y. (2006). Shugoshin collaborates with protein phos-
phatase 2A to protect cohesin. Nature 441, 46-52.

Kloeker, S., Bryant, J.C., Strack, S., Colbran, R.J., and Wadzinski, B.E. (1997).
Carboxymethylation of nuclear protein serine/threonine phosphatase X. Bio-
chem. J. 327, 481-486.

Kong, M., Fox, C.J., Mu, J., Solt, L., Xu, A., Cinalli, R.M., Birnbaum, M.J.,
Lindsten, T., and Thompson, C.B. (2004). The PP2A-associated protein al-
pha4 is an essential inhibitor of apoptosis. Science 306, 695-698.

Krebs, E.G., and Fischer, E.H. (1956). The phosphorylase b to a converting
enzyme of rabbit skeletal muscle. Biochim. Biophys. Acta 20, 150-157.

Krebs, E.G., Kent, A.B., and Fischer, E.H. (1958). The muscle phosphorylase
b kinase reaction. J. Biol. Chem. 237, 73-83.

Kutuzov, M.A., and Andreeva, A.V. (2002). Protein Ser/Thr phosphatases with
kelch-like repeat domains. Cell. Signal. 14, 745-750.

Kutuzov, M.A., Evans, D.E., and Andreeva, A.V. (1998). Expression and char-
acterization of PP7, a novel plant protein Ser/Thr phosphatase distantly re-
lated to RdgC/PPEF and PP5. FEBS Lett. 440, 147-152.

Kutuzov, M.A., Bennett, N., and Andreeva, A.V. (2001). Interaction of plant
protein Ser/Thr phosphatase PP7 with calmodulin. Biochem. Biophys. Res.
Commun. 289, 634-640.

Lahiri, S.D., Zhang, G., Dunaway-Mariano, D., and Allen, K.N. (2003). The
pentacovalent phosphorus intermediate of a phosphoryl transfer reaction.
Science 299, 2067-2071.

Lammers, T., and Lavi, S. (2007). Role of type 2C protein phosphatases in
growth regulation and in cellular stress signaling. Crit. Rev. Biochem. Mol.
Biol. 42, 437-461.

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J.,
Devon, K., Dewar, K., Doyle, M., FitzHugh, W., et al. (2001). Initial sequencing
and analysis of the human genome. Nature 409, 860-921.

Lee, J., and Stock, J. (1993). Protein phosphatase 2A catalytic subunit is
methyl-esterified at its carboxyl terminus by a novel methyltransferase. J.
Biol. Chem. 268, 19192-19195.

Lee, J., Chen, Y., Tolstykh, T., and Stock, J. (1996). A specific protein carboxyl
methylesterase that demethylates phosphoprotein phosphatase 2A in bovine
brain. Proc. Natl. Acad. Sci. USA 93, 6043-6047.

Leulliot, N., Vicentini, G., Jordens, J., Quevillon-Cheruel, S., Schiltz, M., Bar-
ford, D., van Tilbeurgh, H., and Goris, J. (2006). Crystal structure of the PP2A
phosphatase activator: implications for its PP2A-specific PPlase activity. Mol.
Cell 23, 413-424.

Li, H., Rao, A., and Hogan, P.G. (2004). Structural delineation of the calcineu-
rin-NFAT interaction and its parallels to PP1 targeting interactions. J. Mol.
Biol. 342, 1659-1674.

Li, H., Zhang, L., Rao, A., Harrison, S.C., and Hogan, P.G. (2007). Structure of

482 Cell 139, October 30, 2009 ©2009 Elsevier Inc.

calcineurin in complex with PVIVIT peptide: portrait of a low-affinity signalling
interaction. J. Mol. Biol. 369, 1296-1306.

Li, M., Guo, H., and Damuni, Z. (1995). Purification and characterization of two
potent heat-stable protein inhibitors of protein phosphatase 2A from bovine
kidney. Biochemistry 34, 1988-1996.

Li, M., Makkinje, A., and Damuni, Z. (1996a). Molecular identification of I1P-
P2A, a novel potent heat-stable inhibitor protein of protein phosphatase 2A.
Biochemistry 35, 6998-7002.

Li, M., Makkinje, A., and Damuni, Z. (1996b). The myeloid leukemia-associat-
ed protein SET is a potent inhibitor of protein phosphatase 2A. J. Biol. Chem.
271, 11059-11062.

Longin, S., Jordens, J., Martens, E., Stevens, I., Janssens, V., Rondelez, E.,
De Baere, |., Derua, R., Waelkens, E., Goris, J., et al. (2004). An inactive pro-
tein phosphatase 2A population is associated with methylesterase and can
be re-activated by the phosphotyrosyl phosphatase activator. Biochem. J.
380, 111-119.

Longin, S., Zwaenepoel, K., Louis, J.V., Dilworth, S., Goris, J., and Janssens, V.
(2007a). Selection of protein phosphatase 2A regulatory subunits is mediated
by the C terminus of the catalytic Subunit. J. Biol. Chem. 282, 26971-26980.

Longin, S., Zwaenepoel, K., Martens, E., Louis, J.V., Rondelez, E., Goris, J.,
and Janssens, V. (2007b). Spatial control of protein phosphatase 2A (de)meth-
ylation. Exp. Cell Res. 374, 68-81.

Lu, G., and Wang, Y. (2008). Functional diversity of mammalian type 2C pro-
tein phosphatase isoforms: new tales from an old family. Clin. Exp. Pharma-
col. Physiol. 35, 107-112.

Lu, Z., Dunaway-Mariano, D., and Allen, K.N. (2008). The catalytic scaffold
of the haloalkanoic acid dehalogenase enzyme superfamily acts as a mold
for the trigonal bipyramidal transition state. Proc. Natl. Acad. Sci. USA 105,
5687-5692.

Macek, B., Mijakovic, I., Olsen, J.V., Gnad, F., Kumar, C., Jensen, P.R., and
Mann, M. (2007). The serine/threonine/tyrosine phosphoproteome of the
model bacterium Bacillus subtilis. Mol. Cell. Proteomics 6, 697-707.

Macek, B., Gnad, F., Soufi, B., Kumar, C., Olsen, J.V., Mijakovic, I., and Mann,
M. (2008). Phosphoproteome analysis of E. coli reveals evolutionary con-
servation of bacterial Ser/Thr/Tyr phosphorylation. Mol. Cell. Proteomics 7,
299-307.

MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P.,, and Codd, G.A. (1990).
Cyanobacterial microcystin-LR is a potent and specific inhibitor of protein
phosphatases 1 and 2A from both mammals and higher plants. FEBS Lett.
264, 187-192.

Margolis, S.S., Perry, J.A., Forester, C.M., Nutt, L.K., Guo, Y., Jardim, M.J.,
Thomenius, M.J., Freel, C.D., Darbandi, R., Ahn, J.H., et al. (2006). Role for
the PP2A/B56delta phosphatase in regulating 14-3-3 release from Cdc25 to
control mitosis. Cell 127, 759-773.

Meiselbach, H., Sticht, H., and Enz, R. (2006). Structural analysis of the pro-
tein phosphatase 1 docking motif: molecular description of binding specifici-
ties identifies interacting proteins. Chem. Biol. 13, 49-59.

Mi, J., Dziegielewski, J., Bolesta, E., Brautigan, D.L., and Larner, J.M. (2009).
Activation of DNA-PK by ionizing radiation is mediated by protein phos-
phatase 6. PLoS ONE 4, e4395.

Moorhead, G.B., Trinkle-Mulcahy, L., and Ulke-Lemee, A. (2007). Emerging
roles of nuclear protein phosphatases. Nat. Rev. Mol. Cell Biol. 8, 234-244.

Moorhead, G.B., De Wever, V., Templeton, G., and Kerk, D. (2009). Evolution
of protein phosphatases in plants and animals. Biochem. J. 4717, 401-409.

Mumby, M. (2007). PP2A: unveiling a reluctant tumor suppressor. Cell 130,
21-24.

Nimmo, G.A., and Cohen, P. (1978). The regulation of glycogen metabolism.
Phosphorylation of inhibitor-1 from rabbit skeletal muscle, and its interaction
with protein phosphatases-IIl and -II. Eur. J. Biochem. 87, 353-365.

Ogris, E., Gibson, D.M., and Pallas, D.C. (1997). Protein phosphatase 2A sub-



unit assembly: the catalytic subunit carboxy terminus is important for binding
cellular B subunit but not polyomavirus middle tumor antigen. Oncogene 15,
911-917.

Olsen, J.V., Blagoev, B., Gnad, F.,, Macek, B., Kumar, C., Mortensen, P., and
Mann, M. (2006). Global, in vivo, and site-specific phosphorylation dynamics
in signaling networks. Cell 127, 635-648.

Pallas, D.C., Shahrik, L.K., Martin, B.L., Jaspers, S., Miller, T.B., Brautigan,
D.L., and Roberts, T.M. (1990). Polyoma small and middle T antigens and
SV40 small t antigen form stable complexes with protein phosphatase 2A.
Cell 60, 167-176.

Prickett, T.D., and Brautigan, D.L. (2004). Overlapping binding sites in protein
phosphatase 2A for association with regulatory A and alpha-4 (mTap42) sub-
units. J. Biol. Chem. 279, 38912-38920.

Pullen, K.E., Ng, H.L., Sung, P.Y., Good, M.C., Smith, S.M., and Alber, T. (2004).
An alternate conformation and a third metal in PstP/Ppp, the M. tuberculosis
PP2C-Family Ser/Thr protein phosphatase. Structure 12, 1947-1954.

Rantanen, M.K., Lehtio, L., Rajagopal, L., Rubens, C.E., and Goldman, A.
(2007). Structure of Streptococcus agalactiae serine/threonine phosphatase.
The subdomain conformation is coupled to the binding of a third metal ion.
FEBS J. 274, 3128-3137.

Ridder, I.S., Rozeboom, H.J., Kalk, K.H., and Dijkstra, B.W. (1999). Crystal
structures of intermediates in the dehalogenation of haloalkanoates by L-2-
haloacid dehalogenase. J. Biol. Chem. 274, 30672-30678.

Riedel, C.G., Katis, V.L., Katou, Y., Mori, S., ltoh, T., Helmhart, W., Galova,
M., Petronczki, M., Gregan, J., Cetin, B., et al. (2006). Protein phosphatase
2A protects centromeric sister chromatid cohesion during meiosis I. Nature
441, 53-61.

Roy, J., Li, H., Hogan, P.G., and Cyert, M.S. (2007). A conserved docking site
modulates substrate affinity for calcineurin, signaling output, and in vivo func-
tion. Mol. Cell 25, 889-901.

Ruediger, R., Pham, H.T., and Walter, G. (2001a). Alterations in protein phos-
phatase 2A subunit interaction in human carcinomas of the lung and colon
with mutations in the A beta subunit gene. Oncogene 20, 1892-1899.

Ruediger, R., Pham, H.T., and Walter, G. (2001b). Disruption of protein phos-
phatase 2A subunit interaction in human cancers with mutations in the A al-
pha subunit gene. Oncogene 20, 10-15.

Rusnak, F., and Mertz, P. (2000). Calcineurin: form and function. Physiol. Rev.
80, 1483-1521.

Schlicker, C., Fokina, O., Kloft, N., Grune, T., Becker, S., Sheldrick, G.M., and
Forchhammer, K. (2008). Structural analysis of the PP2C phosphatase tPphA
from Thermosynechococcus elongatus: a flexible flap subdomain controls ac-
cess to the catalytic site. J. Mol. Biol. 376, 570-581.

Shi, L. (2004). Manganese-dependent protein O-phophatase in prokaryotes
and their biological functions. Front. Biosci. 9, 1382-1397.

Soufi, B., Gnad, F, Jensen, PR., Petranovic, D., Mann, M., Mijakovic, I., and
Macek, B. (2008). The Ser/Thr/Tyr phosphoproteome of Lactococcus lactis
L1403 reveals multiply phosphorylated proteins. Proteomics 8, 3486-3493.

Stefansson, B., and Brautigan, D.L. (2007). Protein phosphatase PP6 N ter-
minal domain restricts G1 to S phase progression in human cancer cells. Cell
Cycle 6, 1386-1392.

Stefansson, B., Ohama, T., Daugherty, A.E., and Brautigan, D.L. (2008). Pro-
tein phosphatase 6 regulatory subunits composed of ankyrin repeat domains.
Biochemistry 47, 1442-1451.

Stone, S.R., Hofsteenge, J., and Hemmings, B.A. (1987). Molecular cloning of
cDNAs encoding two isoforms of the catalytic subunit of protein phosphatase
2A. Biochemistry 26, 7215-7220.

Sutherland, E.W., Jr., and Wosilait, W.D. (1955). Inactivation and activation of
liver phosphorylase. Nature 775, 169-170.

Takeuchi, K., Roehrl, M.H., Sun, Z.Y., and Wagner, G. (2007). Structure of the
calcineurin-NFAT complex: defining a T cell activation switch using solution

NMR and crystal coordinates. Structure 15, 587-597.

Tang, Z., Shu, H., Qi, W., Mahmood, N.A., Mumby, M.C., and Yu, H. (2006).
PP2A is required for centromeric localization of Sgo1 and proper chromo-
some segregation. Dev. Cell 10, 575-585.

Terrak, M., Kerff, F.,, Langsetmo, K., Tao, T., and Dominguez, R. (2004). Struc-
tural basis of protein phosphatase 1 regulation. Nature 429, 780-784.

Tolstykh, T., Lee, J., Vafai, S., and Stock, J.B. (2000). Carboxyl methylation
regulates phosphoprotein phosphatase 2A by controlling the association of
regulatory B subunits. EMBO J. 19, 5682-5691.

Van Hoof, C., Cayla, X., Bosch, M., Merlevede, W., and Goris, J. (1994). The
phosphotyrosyl phosphatase activator of protein phosphatase 2A. A novel
purification method, immunological and enzymic characterization. Eur. J. Bio-
chem. 226, 899-907.

Venter, J.C., Adams, M.D., Myers, E.W., Li, PW., Mural, R.J., Sutton, G.G.,
Smith, H.O., Yandell, M., Evans, C.A., Holt, R.A., et al. (2001). The sequence
of the human genome. Science 297, 1304-1351.

Wakula, P, Beullens, M., Ceulemans, H., Stalmans, W., and Bollen, M. (2003).
Degeneracy and function of the ubiquitous RVXF motif that mediates binding
to protein phosphatase-1. J. Biol. Chem. 278, 18817-18823.

Walaas, S.I., and Greengard, P. (1991). Protein phosphorylation and neuronal
function. Pharmacol. Rev. 43, 299-349.

Walter, G., Ruediger, R., Slaughter, C., and Mumby, M. (1990). Association
of protein phosphatase 2A with polyoma virus medium tumor antigen. Proc.
Natl. Acad. Sci. USA 87, 2521-2525.

Wang, S.S., Esplin, E.D., Li, J.L., Huang, L., Gazdar, A., Minna, J., and Evans,
G.A. (1998). Alterations of the PPP2R1B gene in human lung and colon can-
cer. Science 282, 284-287.

Wang, W., Kim, R., Jancarik, J., Yokota, H., and Kim, S.H. (2001). Crystal
structure of phosphoserine phosphatase from Methanococcus jannaschii, a
hyperthermophile, at 1.8 A resolution. Structure 9, 65-71.

Wehenkel, A., Bellinzoni, M., Schaeffer, F., Villarino, A., and Alzari, P.M. (2007).
Structural and binding studies of the three-metal center in two mycobacterial
PPM Ser/Thr protein phosphatases. J. Mol. Biol. 374, 890-898.

Wei, H., Ashby, D.G., Moreno, C.S., Ogris, E., Yeong, F.M., Corbett, A.H., and
Pallas, D.C. (2001). Carboxymethylation of the PP2A catalytic subunit in Sac-
charomyces cerevisiae is required for efficient interaction with the B-type sub-
units Cdc55p and Rts1p. J. Biol. Chem. 276, 1570-1577.

Wu, J., Tolstykh, T., Lee, J., Boyd, K., Stock, J.B., and Broach, J.R. (2000).
Carboxyl methylation of the phosphoprotein phosphatase 2A catalytic sub-
unit promotes its functional association with regulatory subunits in vivo.
EMBO J. 19, 5672-5681.

Xing, Y., Xu, Y., Chen, Y., Jeffrey, PD., Chao, Y., Lin, Z., Li, Z., Strack, S., Stock,
J.B., and Shi, Y. (2006). Structure of protein phosphatase 2A core enzyme
bound to tumor-inducing toxins. Cell 127, 341-353.

Xing, Y., Li, Z., Chen, Y., Stock, J.B., Jeffrey, P.D., and Shi, Y. (2008). Structural
mechanism of demethylation and inactivation of protein phosphatase 2A. Cell
133, 154-163.

Xu, Y., Xing, Y., Chen, Y., Chao, Y., Lin, Z., Fan, E., Yu, J.W., Strack, S., Jeffrey,
P.D., and Shi, Y. (2006). Structure of the protein phosphatase 2A holoenzyme.
Cell 127, 1239-1251.

Xu, Y., Chen, Y., Zhang, P., Jeffrey, P.D., and Shi, Y. (2008). Structure of a pro-
tein phosphatase 2A holoenzyme: insights into B55-mediated Tau dephos-
phorylation. Mol. Cell 37, 873-885.

Xu, Z., Cetin, B., Anger, M., Cho, H.S., Helmhart, W., Nasmyth, K., and Xu, W.
(2009). Structure and function of the PP2A-shugoshin interaction. Mol. Cell,
in press.

Xue, T., Wang, D., Zhang, S., Ehlting, J., Ni, F, Jakab, S., Zheng, C., and
Zhong, Y. (2008). Genome-wide and expression analysis of protein phos-
phatase 2C in rice and Arabidopsis. BMC Genomics 9, 550.

Cell 139, October 30, 2009 ©2009 Elsevier Inc. 483



Yamaguchi, Y., Katoh, H., Mori, K., and Negishi, M. (2002). Galpha(12) and
Galpha(13) interact with Ser/Thr protein phosphatase type 5 and stimulate its
phosphatase activity. Curr. Biol. 72, 1353-1358.

Yang, J., Roe, S.M., Cliff, M.J., Williams, M.A., Ladbury, J.E., Cohen, PT., and
Barford, D. (2005). Molecular basis for TPR domain-mediated regulation of
protein phosphatase 5. EMBO J. 24, 1-10.

Yang, J., Roe, S.M., Prickett, T.D., Brautigan, D.L., and Barford, D. (2007).
The structure of Tap42/alpha4 reveals a tetratricopeptide repeat-like fold and
provides insights into PP2A regulation. Biochemistry 46, 8807-8815.

Ye, Q., Wang, H., Zheng, J., Wei, Q., and Jia, Z. (2008). The complex structure
of calmodulin bound to a calcineurin peptide. Proteins 73, 19-27.

Yu, X.X., Du, X., Moreno, C.S., Green, R.E., Ogris, E., Feng, Q., Chou, L., Mc-

Quoid, M.J., and Pallas, D.C. (2001). Methylation of the protein phosphatase
2A catalytic subunit is essential for association of Balpha regulatory subunit

484 Cell 139, October 30, 2009 ©2009 Elsevier Inc.

but not SG2NA, striatin, or polyomavirus middle tumor antigen. Mol. Biol.
Cell 12, 185-199.

Zhang, C.C., Jang, J., Sakr, S., and Wang, L. (2005). Protein phospho-
rylation on Ser, Thr and Tyr residues in caynobacteria. J. Mol. Microbiol.
Biotechnol. 9, 154-166.

Zhang, W., and Shi, L. (2004). Evolution of the PPM-family protein phos-
phatases in Streptomyces: duplication of catalytic domain and lateral re-
cruitment of additional sensory domains. Microbiology 7150, 4189-4197.

Zhang, Y., Kim, Y., Genoud, N., Gao, J., Kelly, J.W., Pfaff, S.L., Gill, G.N.,
Dixon, J.E., and Noel, J.P. (2006). Determinants for dephosphorylation of
the RNA polymerase Il C-terminal domain by Scp1. Mol. Cell 24, 759-770.

Zhu, D., Cardenas, M.E., and Heitman, J. (1996). Calcineurin mutants render
T lymphocytes resistant to cyclosporin A. Mol. Pharmacol. 50, 506-511.



	Serine/Threonine Phosphatases:Mechanism through Structure
	References


