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The coordinated and reciprocal action of serine/threonine
(Ser/Thr) protein kinases and phosphatases produces transient
phosphorylation, a fundamental regulatory mechanism formany
biological processes. The human genome encodes a far greater
number of Ser/Thr protein kinases than of phosphatases. Protein
phosphatase 1 (PP1), in particular, is ubiquitously distributed
and regulates a broad range of cellular functions, including

glycogen metabolism, cell-cycle progression and muscle relaxa-
tion1,2. PP1 has evolved effective catalytic machinery but lacks
substrate specificity. Substrate specificity is conferred upon PP1
through interactions with a large number of regulatory subunits.
The regulatory subunits are generally unrelated, but most pos-
sess the RVxF motif, a canonical PP1-binding sequence. Here we
reveal the crystal structure at 2.7 A resolution of the complex
between PP1 and a 34-kDa N-terminal domain of the myosin
phosphatase targeting subunit MYPT1. MYPT1 is the protein
that regulates PP1 function in smooth muscle relaxation3. Struc-
tural elements amino- and carboxy-terminal to the RVxFmotif of
MYPT1 are positioned in a way that leads to a pronounced
reshaping of the catalytic cleft of PP1, contributing to the

Figure 1 General fold of the PP1d–MYPT11–299 complex. a, Ribbon representation:

PP1d; a-helices and loops (blue) and b-strands (magenta); and MYPT1 (red). The two

cations in the catalytic site are coloured orange. The ankyrin repeats of MYPT1 are

numbered 1 to 8 from the N to the C terminus. The major contacts with PP1 involve three

separate regions of MYPT1: the N-terminal arm, the RVxF motif and the second group of

ankyrin repeats, which interact mainly with PP1 residues Tyr A305 and Tyr A307. b, Two

surface representations of the complex, rotated by 90 degrees (PP1d, blue; MYPT1, red).
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increased myosin specificity of this complex. The structure has
general implications for the control of PP1 activity by other
regulatory subunits.

In smooth muscle and non-muscle cells, phosphorylation of
Ser 19 of the myosin regulatory light chain (RLC) turns on the
ATPase activity of myosin. Myosin light chain kinase (MLCK) and
myosin phosphatase catalyse the reactions of phosphorylation and
dephosphorylation, regulating muscle contraction and relaxation,
respectively. Myosin phosphatase is a trimeric holoenzyme, com-
prising a catalytic subunit (PP1, d-isoform), a 130-kDa targeting
subunit (MYPT1) and a 20-kDa subunit (M20) of unknown
function3. MYPT1 plays a key part in determining the physical
and functional integrity of the trimeric myosin phosphatase holo-
enzyme. It binds PP1d at the N terminus4–8 and M20 at the C
terminus3,4. Binding to myosin seems to take place through two
separate sites: a site situated within the C-terminal one-third of
MYPT1 (ref. 9), and a site responsible for catalysis that engages PP1
and the N-terminal one-third of MYPT1 simultaneously. In a
similar way to that of the intact myosin phosphatase holoenzyme,
the complex between PP1 and the N-terminal one-third of MYPT1
displays ,15-fold increased catalytic activity and ,10-fold higher
affinity for phosphorylated myosin (or P-RLC) than the isolated
catalytic subunit4–7,10. In addition, this complex has reduced activity
towards other substrates, such as phosphorylase a and glycogen
synthase4,5,7. Together these findings suggest that different parts of
MYPT1 are responsible for substrate specificity and targeting.

Here we reveal the 2.7-Å-resolution structure of the complex
between chicken gizzard PP1d and amino acids Met 1 to Ser 299 of
MYPT1 (MYPT11–299) (see Methods). Crystal structures have been
determined previously for complexes of PP1 (a and g isoforms)
with three natural toxin inhibitors: microcystin11, okadaic acid12

and calyculin A (ref.13), with tungstate14 and a peptide from the
muscle glycogen-targeting regulatory subunit (GM)

15. Despite the
differences in PP1 isoforms, crystallization conditions and crystal
packing contacts, these structures are very similar to one another
and to the structure obtained here for PP1d–MYPT11–299. The
overall fold of PP1 consists of two tightly linked domains, an
N-terminal a/b domain (amino acids A1–A160; chain A designates
PP1d) and a C-terminal b domain (A161–A327), which also
contains three a-helices. Most of the b-strands from the two
domains converge at the inter-domain interface, where they form

a b-sandwich made of twomixed b-sheets (Fig. 1). The catalytic site
lies within a large Y-shaped cleft at the inter-domain interface11–13.
The three branches of the Y-shaped cleft are commonly referred to
as the hydrophobic, acidic and C-terminal grooves (Fig. 2a).
Separating the acidic and the C-terminal grooves is a protruding
loop (Asn 271 to Asp 277), which connects b-strands b12 and b13.
This loop is ideally positioned to interact with PP1 substrates and
inhibitors11–13 and has been linked with inhibitor specificity16. There
are two metal ions in the catalytic site of the PP1d–MYPT11–299
structure. By analogy with previous structures11–13, and because
of the presence of Mn2þ in the purification and crystallization
buffers, we have identified these ions as Mn2þ. Note that the
addition of Mn2þ is required for full activity of this complex.
However, we cannot rule out that one of the two cations might be
Fe2þ, as in the PP1g-tungstate structure14.
Themost noticeable differences between the current and previous

structures of PP1 (refs 11–15) occur at the N- and C-terminal ends,
where the sequences of PP1 isoforms diverge the most. Previous
structures of PP1a (ref. 11) and PP1g (refs 12–15) typically begin
with Leu 7 and end at Ala 299 (Ser 299 in PP1d); that is, 25 to 30
amino acids are disordered at the C termini of these structures. In
the current structure Glu A300 to Gly A309 are trapped between the
two groups of ankyrin repeats of MYPT1 and, as a result, are
ordered. Thus, this structure suggests that some regulatory subunits
may interact with the divergent and flexible C termini of PP1 to
mediate isoform specificity.
MYPT1 interacts with PP1 over a large (2,560 Å2) intermolecular

interface. This interaction, involving primarily the C-terminal
b-domain of PP1, does not lead to any noticeable structural change
in PP1, other than the partial stabilization of the C-terminal end.
The absence of an allosteric effect may be unexpected, yet MYPT1
has a profound effect on the global shape and charge distribution of
the catalytic cleft of PP1 (Fig. 2). To understand this point better we
divide MYPT1 conceptually into three functional domains: the
N-terminal arm (amino acids B1–B34; chain B designates
MYPT1), the RVxF motif (amino acids B35–B38) and the ankyrin
repeat domain (amino acids B39–B299).
The 34 N-terminal amino acids of MYPT1 preceding the RVxF

motif form a long arm that wraps around PP1 to reach the base of
the Y-shaped catalytic cleft (Figs 1 and 2). Part of this arm folds into
ana-helix (Met B3 to Gly B19). Hydrophobic interactions involving

Figure 2 Electrostatic surface representations of the PP1d–MYPT11–299 complex.

a–c, Surfaces of PP1 (a), MYPT1 (b) and their complex (c) calculated using identical

parameters (red and blue indicate regions charged negatively and positively, respectively).

The Y-shaped catalytic cleft of PP1 is composed of three grooves: hydrophobic, acidic and

C-terminal. The b12–b13 loop separates the acidic and the C-terminal grooves. The

reshaping of the catalytic cleft of PP1 results from the binding of the N terminus of MYPT1

near the hydrophobic groove and the addition of the acidic cleft of the ankyrin repeats at

the other end of the cleft. d, Sequences of the RLC around Ser 19 and the MYPT1 around

the regulatory phosphorylation sites Thr 695 and Thr 850. Note the existing charge

complementarity between these sequences and the catalytic cleft of myosin phosphatase.
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residues in this a-helix and a hydrophobic pocket in PP1 determine
the position of the N-terminal arm (Fig. 3a).
The location of the N terminus of MYPT1 in the structure fits the

biochemical data well. A peptide corresponding to the sequence
Met B1 to Phe B38 of MYPT1 can confer upon PP1 some of the
myosin specificity and increased activity characteristic of the myo-
sin phosphatase holoenzyme4,6–8. However, a shorter peptide
(Asp B23 to Phe B38) binds to PP1 but has no effect on its catalytic
activity7. Together these results emphasize the importance of the
N terminus of MYPT1 for the myosin specificity of myosin
phosphatase. Whereas the structure negates the existence of an
allosteric effect on PP1, it places the N terminus of MYPT1 near the
hydrophobic groove of the catalytic cleft, where it may interact with
the myosin substrate directly (steric effect). Hydrophobic residues
at the N terminus of MYPT1 (Met B1, Met B3 and Ala B6) and the
side chain of Lys B2, add to the general hydrophobicity of this
branch of the catalytic cleft of PP1 (Fig. 2). Hydrophobic amino

acids C-terminal to Ser 19 of the myosin RLC are likely to interact
within this part of the cleft, making contacts with the N terminus of
MYPT1 (Fig. 2d).

The numerous PP1 regulatory subunits share no significant
sequence similarity, but most possess the RVxF motif, a specific
PP1 targeting sequence2. The crystal structure of PP1g complexed
with a RVxF-containing peptide from the GM subunit reveals six
amino acids (63RRVSFA69) bound in a hydrophobic pocket distal to
the catalytic site15. In what seems to be a similar manner, the side
chains of the Val and Phe residues in the RVxF motif of MYPT1
(35KVKF38) are embedded in the same pocket in PP1d (Fig. 3c, d).
Residues Val B36 to Asp B39 adopt an extended conformation and
are incorporated as an additional b-strand to a b-sheet in PP1,
parallel to the N-terminal half of b14. Also making up part of this
cluster of interactions are the side chains of Ala B42 and Val B43
from the first ankyrin repeat of MYPT1. Finally, Asp A242 of PP1
makes two hydrogen-bonding contacts with the main-chain nitro-

Figure 3 Interactions between PP1 and MYPT1. a, Stereo diagram of the interactions

between the N-terminal arm of MYPT1 (green carbon atoms) and PP1 (yellow carbon

atoms). b, The same region of MYPT1 superimposed onto an electrostatic surface

representation of PP1, where red, blue and white indicate negatively-charged, positively-

charged and non-charged regions, respectively. c, Stereo diagram of the interactions

involving the RVxF motif and the first a-helix of ankyrin repeat 1. d, The same region of

MYPT1 superimposed onto an electrostatic surface representation of PP1. Note that the

basic sequence preceding the RVxF motif does not interact directly with the acidic patch at

the lower right corner of this figure.
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gen atoms of Lys B35 and Val B36 of MYPT1. The ensemble of these
interactions represents the single most important contribution to
the formation of the PP1–MYPT1 complex. Other interactions
observed in this structure are comparatively weaker and can be
expected to be specific for this complex. As such, these interactions
are primarily relevant to the modulation of PP1 activity.

In MYPT1, as in other PP1 regulatory subunits, positively
charged amino acids at the N terminus (30KRKK33) and negatively
charged amino acids at the C terminus (39DD40) flank the RVxF
motif. It has been suggested15 that the basic region preceding the
RVxF motif may interact with a negatively charged patch near the
RVxF-binding pocket (Fig. 3d). We do not observe such an
interaction. The amino acids N-terminal to the RVxF motif in
MYPT1 follow a path away from the negatively charged patch,
making only a few interactions with PP1, mostly through main-
chain atoms.

Amino acids B39–B291 of MYPT1 fold into two groups of four
ankyrin repeats, separated by a hinge at Glu B172 (Fig. 1 and
Supplementary Fig. 1). Ankyrin repeats are ,33-amino-acid-long
motifs consisting of pairs of antiparallel a-helices connected by
b-hairpin loops17. In MYPT1, repeats 1, 2, 3, 6 and 7 are canonical
with the sole exception that repeat 1 forms an extra helical turn at
the N terminus. Repeats 4 and 8 lack the b-hairpin loop and repeat 5
lacks the first a-helix. The interactions with PP1 are limited to
repeats 1, 5, 6 and 7 (Fig. 1). Repeat 1 interacts with the RVxF-
binding pocket through hydrophobic amino acids located within
the extra helical turn at the N terminus (Fig. 3c). A salt bridge
between Glu B55 and PP1 residue Arg A261 also involves repeat 1.
The remaining interactions are almost exclusively between the
second group of ankyrin repeats and the C terminus of PP1,
involving residues Tyr A305 and Tyr A307 in particular. Because
sequence variations between PP1 isoforms cluster towards the C
termini, a possible outcome of this interaction is to determine PP1
isoform specificity. Indeed, PP1g lacks both Tyr residues. In PP1a,
only Tyr A305 is present, although shifted by one amino acid.

The ankyrin repeat is a widespread motif, generally associated
with a protein–protein interaction function17. The present structure
offers an interesting twist: the ankyrin repeats of MYPT1 seem to
play only a limited part in binding, but a potentially key part in
modulating the catalytic activity of PP1. This finding is in agree-
ment with biochemical evidence that shows almost no binding to
PP1 ofMYPT1 constructs lacking the N-terminal 38 amino acids4–8.
Constructs, however, that add the ankyrin repeat domain to the N
terminus of MYPT1 display increased myosin specificity and
reduced activity towards other substrates, comparable to full-length
myosin phosphatase4–6,8.

Substrate binding to the isolated ankyrin repeat domain is also
weak5. This may reflect the fact that binding tomyosin depends on a
three-dimensional organization that can only exist when MYPT1
binds to PP1. Indeed, the b-hairpin loops from the two groups of
ankyrin repeats roughly face each other in the structure, forming
a clamp-like structure that closes around the C terminus of PP1.
This organization gives rise to a large acidic cleft on one side
of the interface between the two groups of ankyrin repeats. In
the structure, this cleft is positioned as an extension to the catalytic
cleft of PP1 (Fig. 2). The catalytically important b12–b13
loop of PP116 forms a protrusion right in the centre of this enlarged
cleft.

The major outcome from the formation of the PP1–MYPT1
complex is to produce an extended catalytic cleft specifically
adapted for the myosin substrate and, at the same time, less
compatible with other substrates. Analysis of the sequence of the
myosin RLC around the important phosphorylation site Ser 19
makes this point fully apparent (Fig. 2d). Fifty per cent of the
sequence N-terminal to Ser 19 is charged positively and can be
expected to bind within the expanded acidic groove of PP1d–
MYPT1. The sequence C-terminal to Ser 19 is mainly hydrophobic

and probably binds at the hydrophobic groove, which has also been
adapted for this function by the proximity of the N terminus of
MYPT1. This hypothesis assumes that the directionality of the
polypeptide chain of the bound substrate is from the acidic to
the hydrophobic groove. This turns out to be the directionality of
the auto inhibitory peptide of the structurally related phosphatase
PP2B (calcineurin)18. The sequences of two regulatory phosphoryl-
ation sites in MYPT1 (Thr 695 and Thr 850) resemble that of the
RLC around Ser 19. Therefore, these sequences are also good
candidates to bind at the catalytic cleft of PP1d–MYPT1 (Fig. 2d).
Whereas phosphorylation of Thr 695 inhibits myosin phospha-
tase19, that of Thr 850 has so far been linkedwith an effect onmyosin
binding but not on the catalytic activity9.
Among the regulatory subunits of PP1, p53BP2 is the only one

where ankyrin repeats follow the RVxFmotif, as inMYPT1. Because
p53BP2 binds with higher affinity to PP1 than to the tumour
suppressor p53 (ref. 20) and inhibition of PP1 is linked to phos-
phorylation of p53 and apoptosis21, it is possible that p53BP2
provides a structural link between PP1 and p53. This interaction
can now be modelled by superimposing the ankyrin repeats of
p53BP2, from the structure of its complex with p53 (ref. 22), onto
those of MYPT1.
Analysis of the sequences of various regulatory subunits reveals

important inhibitory/modulatory sequences ,34 amino acids
N-terminal or ,22 amino acids C-terminal to the RVxF motif.
Because 34 amino acidsN-terminal to the RVxFmotif allowMYPT1
to reach the catalytic cleft of PP1, other regulatory subunits
may follow a similar path, including the nuclear inhibitor of
PP1 (NIPP1)23, spinophilin and neurabin24 (Fig. 4). Amino acids
143–217 of NIPP1 constitute a potent PP1 inhibitor23. This region
contains regulatory phosphorylation sites at Ser 178, Ser 199,

Figure 4 Model illustrating two possible paths between the RVxF motif and the catalytic

site of PP1. a, Path N-terminal to the RVxF motif (magenta) suggested by the structure of

PP1–MYPT1. NIPP1, neurabin and spinophilin may follow this path. b, Path C-terminal to

the RVxF motif (green) leading to the cleft by way of the acidic groove. Inhibitor-1 and

DARPP-32 may follow this path in order to position the inhibitory P-Thr 35 at the catalytic

site, allowing for favourable electrostatic interactions between the basic sequence

N-terminal to P-Thr 35 and the acidic groove of PP1. c, Sequences of some PP1

regulatory subunits around the RVxF motif (shaded green). Acidic and basic sequences

that may potentially interact with PP1 are outlined in red and blue, respectively. Inhibitory

phosphorylation sites are shaded red.
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Thr 161 and Ser 204, and the consensus RVxF motif, which is
preceded by a basic sequence as inMYPT1. A highly acidic sequence
(EEETELD) 35 amino acids N-terminal to the RVxFmotif coincides
with one of the phosphorylation sites. This sequence could possibly
target the highly basic metal cluster in the catalytic site of PP1. Also
consistent with the current structure is an alternative path that leads
to the catalytic cleft C-terminal to the RVxF motif (Fig. 4). As
previously proposed25, inhibitor 1 and the dopamine and cAMP-
regulated phosphoprotein DARPP-32 may follow this second
path.
The structure of PP1–MYPT1 presented here reveals how the

binding of a regulatory subunit adapts the catalytic cleft of PP1 to
perform a specific function. In this case, that function is the
dephosphorylation of myosin that leads to smooth muscle relaxa-
tion. The interactions involving the RVxF motif play an important
part in the formation of the complex. However, other weaker
interactions modulate PP1 activity and isoform specificity. We
predict that features revealed by this structure will apply to other
PP1 regulatory subunits. A

Methods
Protein preparation
The gene encoding chicken gizzard PP1d (UniProt P37140) was inserted into the pTYB12
IMPACT expression vector from New England BioLabs that leads to expression of the
fusion protein chitin-binding domain–intein–PP1d. The gene encoding MYPT11–299
(UniProt Q90624) was inserted into the expression plasmid pACYC184, which is
compatible with pTYB12, and placed under the control of a T7 promoter. The two vectors
were introduced into Escherichia coli strain BL21 (DE3) for co-expression. The complex
PP1d–MYPT11–299 was purified using a chitin affinity column. Because expression levels
were higher for MYPT11–299 than for PP1d, the affinity tag was added to the latter, to
ensure that a 1:1 complex was obtained during purification. After elution from the chitin
column, following dithiothreitol-induced self-cleavage of the intein, the complex was
loaded into a MonoQ column (Pharmacia) and eluted using a 150 to 400mM gradient of
NaCl in 20mM Tris–HCl buffer pH 7.5, 1mM MnCl2, 2mM dithiothreitol.

Crystallization
Before crystallization the PP1d–MYPT11–299 complex was dialysed overnight against
10mM Tris buffer pH 7.5, 20mM NaCl, 4mM dithiothreitol and 1mM MnCl2 and
concentrated to ,8mg ml21. The complex was crystallized at 20 8C using the hanging-
drop vapour diffusion method by mixing 2ml of protein solution and 2ml of a precipitant
solution, containing 9.2% (w/v) poly(ethylene glycol) (PEG) 5,000 monomethylether,
35% (v/v) glycerol and 200mM NH4Cl.

Data collection, structure determination and refinement
A data set (to 2.7 Å resolution) was collected at 100 K at BioCARS beamline 14–BM-C
from a crystal of PP1d–MYPT11–299. The diffraction data were indexed and scaled using
the programs DENZO and SCALEPACK26 (Supplementary Table 1). A molecular
replacement solution for the PP1d part of the structure was obtained using the program
AMoRe27 and the structure of PP1a (Protein Data Bank code 1FJM) as a search model.
After screening a number of ankyrin-repeat-containing structures, a molecular
replacement solution was found for a group of three repeats derived from the structure of
P18–Ink4C (Protein Data Bank code 1IHB). An electron-density map was calculated with
phases derived from the partial model resulting from the molecular replacement solutions
of PP1 and the three ankyrin repeats. The map revealed the location of another group of
three ankyrin repeats. Additional refinement led to the identification of two additional,
non-canonical repeats (repeats 4 and 8). Refinement and model-building were done using
the programs CNS28 and O29. The quality of the refined structure was validated with
the programs PROCHECK30 and CNS. The final structure includes PP1d amino acids
A1–A309 (chain A),MYPT1 amino acids B1–B291 (chain B), twoMn2þ ions, a molecule of
PEG 5,000monomethylether and 228watermolecules. Notice that PP1 residueHis A1 is the
last of three amino acids left over by the intein construct (the other two being disordered in
the structure). The PP1d chainwas numbered starting from this residue to preserve the same
notation as for PP1a and PP1g, which have one additional amino acid at their N termini.
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