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Phospho-amino acids in proteins are directly associated with phospho-receptor pro-
teins, including protein phosphatases. Here we produced and tested a scheme for
docking together interacting phospho-proteins whose monomeric 3D structures were
known. The phosphate of calyculin A, an inhibitor for protein phosphatase-1 and 2A
(PP1 and PP2A), or phospho-CPI-17, a PP1-specific inhibitor protein, was docked at
the active site of PP1. First, a library of 186,624 virtual complexes was generated in
silico, by pivoting the phospho-ligand at the phosphorus atom by step every 5° on
three rotational axes. These models were then graded for probability according to
atomic proximity between two molecules. The predicted structure of PP1·calyculin A
complex fitted to the crystal structure with r.m.s.d. of 0.23 Å, providing a validate test
of the modeling method. Modeling of PP1·phospho-CPI-17 complex yielded one con-
verged structure. The segment of CPI-17 around phospho-Thr38 is predicted to fit in
the active site of PP1. Positive charges at Arg33/36 of CPI-17 are in close proximity to
Glu274 of PP1, where the sequence is unique among Ser/Thr phosphatases. Single
mutations of these residues in PP1 reduced the affinity against phospho-CPI-17.
Thus, the interface of the PP1·CPI-17 complex predicted by the phospho-pivot mode-
ling accounts for the specificity of CPI-17 against PP1.

Key words: cerebellar memory, computational simulation, hypertension, protein
phosphorylation, myosin phosphatase, smooth muscle.

Abbreviations: PKC, Protein kinase C; ROCK, Rho-associated coiled-coil containing protein kinase; PP1, protein
phosphatase-1; CPI-17, PKC-phosphorylated PP1 inhibitor (17 kDa); MYPT1, myosin-targeting subunit 1 of
myosin phosphatase; GST, glutathione S-transferase; ATPγS, adenosine 5′-[γ-thio]triphosphate; r.m.s.d., root-
mean-square deviation.

Protein–protein interaction is a fundamental process in
cellular signal transduction. Phosphorylation of Ser/Thr
as well as Tyr is often found at the molecular interface
between molecules. The recognition involves binding of
specific domains, such as 14-3-3, FHA, and SH2 (1, 2).
High-throughput methodology in structural biology accu-
mulates 3D-structural data of known and anonymous
proteins, and recent challenges in structural biology are
to reveal 3D-structure of multi-protein complexes (3).
Yet, structural information of protein complexes is still
limited, compared with monomeric proteins, because of
technical difficulties, such as stability of complexes in
crystals. In parallel to structural biology, interactome
projects, including large scale yeast-two hybrid screen-
ings are uncovering entire networks of protein–protein
interactions in yeast, fruit fly and Caenorhabditis ele-
gans (4–7). Prediction of protein–protein interactions is
the next step in this challenge of structural/functional
proteomics.

Computer simulation is a powerful tool for prediction
and analysis of protein–protein interactions (reviewed in

is to search docking interfaces in two proteins, where
shapes of molecules are transformed to voxel grids, and
virtual complexes are generated in silico. The second
stage is scoring each interaction of the virtual complexes
based on predefined parameters, such as van del Waal’s
and/or electrostatic interactions. Therefore, final models
largely rely on the initial position of the ligand at the
docking site. Algorithms for the prediction have been
updated by adding new structural constraints obtained
from experimental results, and successfully predicted
structures of protein complexes (8, 10–13). Yet, as the
simulation comes into detail with increased information,
it usually requires days-long computation using comput-
ers equipped with a high power processor and/or multiple
processors.

Two abundant Ser/Thr phosphatases, protein phos-
phatase-1 (PP1) and protein phosphatase 2A (PP2A),
consist of a bi-metal active site in the highly conserved
catalytic domain (14). PP1 activity is regulated by the
interaction with regulatory subunits as well as with
phospho-inhibitor proteins (15). Because the phospho-
ester is labile on Ser/Thr phosphatases, there is no infor-
mation on PP1/PP2A structures complexed with phos-
pho-substrates or phospho-inhibitor proteins. CPI-17, a
protein kinase C-phosphorylated inhibitor for myosin
phosphatase, 17 kDa, is necessary for the regulation of
Vol. 137, No. 5, 2005 633 © 2005 The Japanese Biochemical Society.

http://jb.oxfordjournals.org/


634 F. Matsuzawa et al.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

vascular smooth muscle contractility and for maintaining
long-term synaptic depression of cerebellar Purkinje cells
(16–19). CPI-17 is composed of a four-helix bundle, fol-
lowed by a loop structure called inhibitory P-loop, where
includes a critical phosphorylation site (Thr38) confer-
ring inhibitory potency (20). Thr38 phosphorylation by
PKC or ROCK triggers a conformational change of CPI-
17 that converts it into a potent PP1- and myosin phos-
phatase-specific inhibitor (21, 22). Other forms of PP1
can dephosphorylate and inactivate P-CPI-17, thereby P-
CPI-17 specifically regulates myosin phosphatase in cells
(23). Substitution of Thr38 with Asp causes a chemical
shift perturbation in the NMR spectrum, similar to that
resulting from the phosphorylation, due to the inhibitory
P-loop becoming exposed to solvent (24). Therefore, the
hypothesis is that the phosphate at Thr38 of CPI-17
docks directly at the active site of PP1 in myosin phos-
phatase, as a competitive inhibitor. Here we developed an
algorithm to predict the structure of protein complexes,

termed phospho-pivot modeling. The predicted PP1·P-
CPI-17 interaction was tested by mutation of PP1, and
the results support specificity of P-CPI-17 toward PP1
among Ser/Thr phosphatases.

EXPERIMENTAL PROCEDURES

Phosphate-Pivot Modeling—The structural coordinates
of PP1 and calyculin A were individually extracted from
data of the PP1·calyculin A crystal structure (PDB:
1IT6), and saved as PDB files. P-CPI-17 structure was
virtually created from the structural data of T38D CPI-
17(22–120) (PDB: 1J2N). Asp38 in T38D CPI-17 (residue
31–120) was substituted to phospho-Thr using SYBYL/
BIOPOLYMER software (Tripos Inc. St. Louis, MO). The
N-terminal 11 residues of CPI-17(22–120) were omitted
from the modeling, because the structure of this portion
is highly flexible. The phosphorus atom in ligands was
positioned at that in PP1·calyculin A crystal structure,

Fig. 1. Phospho-pivot modeling of PP1·
calyculin A complex. (A) Three axes defined
in the phospho-pivot modeling. (B) Distribu-
tion of models in conflict number. Models are
classified by their number of conflicts. Red,
cyan and blue bars indicate models with con-
flict number of 1–5, 6–10, and 11–20, respec-
tively. (C) Distribution of models in angle map.
A model is spotted as a dot against the angle
of X/Y axes (top) and of X/G axes (bottom).
Color of the dot indicates number of conflicts,
as in panel B. Numbers on clusters correspond
to the number in Table 1. (D) Superimposed
image of PP1·calyculin A. Positions of calycu-
lin A in top 10 models with conflict number of
less than 2 (blue thin line) are superimposed
to the crystal structure of the complex where
calyculin A is indicated red thick line. The
gray thin lines indicate the axes of rotation.
The structure was drawn using PyMoL (43).
J. Biochem.

http://jb.oxfordjournals.org/


Phospho-Pivot Modeling of PP1·P-CPI-17 Complex 635

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

and was used as a pivot. A line passing through the phos-
phorus atom and the geometrical center of phospho-lig-
ands (labeled × in Fig. 1A) was defined rotational axis G,
which is variable against other axes. A fixed rectangular
axis for rotation, X and Y, was set at the pivot of the ini-
tial G-axis. Possible virtual complexes were generated by
sequential pivoting on X, Y, and variable G, with 5° steps.
The G-axis was first set by rotations on the Y-axis with
angle β (0 ≤ β < 360°), and on the X-axis with angle α (0 ≤
α < 180°). The ligand was then rotated on the G-axis by
angle γ (0 ≤ γ < 360°). 3D structures were illustrated by
the general three-dimensional transformation method
(25). Derived complex models were scored by the number
of conflicting atom pairs based on the atomic distance
between PP1 and the ligand. Atom pairs were defined as
conflicting when the distance was below 2.9 Å (C-C), 2.7
Å (C-O), 2.8 Å (C-N), 2.6 Å (O-O), 2.6 Å (O-N), or 2.6 Å (N-
N), based on the experimental data from the crystal
structures (26). Molecules were treated as rigid bodies
during the modeling. In PP1·CPI-17 modeling, we pre-
screened the library using violation on the atomic dis-
tance between main chains with a threshold of 3.5 Å (Cα-
Cα), or 2.0 Å (N-O, N-N, O-O). The phospho-pivot mode-
ling program was executed on a single 2 GHz processor of
Apple Power Mac G5 computer under Mac OS 10.3.4.

Energy Minimization—Energy minimization was per-
formed with permission of structural change of both mol-
ecules using the AMBER force field on SYBYL/BIOPOL-
YMER (Tripos Inc.).

Binding Assay—His6-S–tagged CPI-17 was prepared
and thiophosphorylated with ATPγS, as described previ-
ously (15). GST-MYPT1(1–300) was prepared from a
bacterial lysate. The cDNA fragment encoding human
MYPT1(1–300) was prepared by PCR method and
inserted at BamH1/EcoRI site of pGEX-4T-2 vector. Bac-
teria BL21(DE3) transformed with the vector DNA was
harvested overnight at 37°C in 10 ml of Luria-Bertani
(LB) broth with 100 µg/ml ampicillin and 0.8% glucose.
The culture was added into 400 ml of fresh LB broth with
100 µg/ml ampicillin and 2% EtOH. After a 2-h incuba-
tion at 37°C, the recombinant protein expression was
induced for 24 h at 23°C by addition of 0.1 mM isopropyl
b-D-1-thiogalactopyranoside. Cells were collected by cen-
trifugation and subjected to a freeze-and-thaw process in
the presence of 1 mg/ml lysozyme (Sigma L-6876). The
lysate was clarified for 1 h at 100,000 × g and the GST-
fusion protein in the supernatant was purified by glu-
tathione-agarose (Sigma G-4510) affinity chromatogra-
phy according to the manufacturer’s protocol. The coding
region of pig PP1 delta cDNA was inserted in pHA3 mam-
malian expression vector downstream of a CMV pro-
moter/enhancer element sequence. Point mutation of the
cDNA was performed by QuikchangeTM technique from
Stratagene. (HA)3-PP1 delta was transiently expressed
for 24 h in COS7 cells in a 100 mm dish using FuGene6TM

reagent (Roche Applied Science). Cells were lysed with 1
ml of lysis buffer [50 mM Tris-HCl (pH 8.0), including 0.2
M NaCl, 1 mM EGTA, 1% Triton X-100, 0.4 mM Pefab-
locTM, 10 µg/ml trypsin inhibitor, and 0.1% 2-mercapteth-
anol]. The homogenate was clarified by a centrifugation
for 20 min at 4°C, and the supernatant was split into
three portions. An aliquot (50 µl) was mixed with 2× Lae-
mmli sample buffer, 0.5 ml was mixed with S-proteinTM

agarose (Novagen) conjugated with thiophospho-His6-S-
CPI-17 (5 µg), and 0.5 ml was mixed with glutathione-
agarose (Sigma) conjugated with GST-MYPT1(1–300) (10
µg). After a 90-min incubation at 4°C, resins were col-
lected by brief centrifugation and were washed 3 times
with lysis buffer. Proteins bound to the ligand were
released with 20 µl of Laemmli sample buffer and sub-
jected to immunoblotting. HA-PP1 delta was detected on
X-lay film using SupersignalTM reagent (Pierce) with
anti-HA antibody (0.1 µg/ml). The HA signal on the film
was quantified using Densitometer (Molecular probe).
Protein determination and immunoblotting were done as
described previously (15).

RESULTS

Phospho-Pivot Modeling—The initial step in the phos-
pho-pivot modeling strategy positions the phosphate
group of the ligand at the docking site on the phospho-
receptor, in this case P-Thr38 at the PP1 active site. The
modeling consists of two stages; 1st is to generate a series
of virtual complexes by pivoting the ligand on a receptor
protein at the phosphate, and 2nd is to score and grade
these complexes based on atomic proximity of the oppos-
ing surfaces of the two molecules. Because the pivot is
pre-set at the docking site, the phospho-pivot modeling
method does not require the step of searching for
unmapped docking sites over the entire surface as done
under conventional modeling algorithms. This greatly
reduces the computational tasking and enables a per-
sonal computer to handle it. To test this novel approach,
we applied it to modeling PP1·calyculin A complex, which
has been co-crystallized previously (27) (PDB: 1IT6). Cal-
yculin A is a phospho-polyketide inhibitory compound
isolated from marine sponge and the phosphate group of
calyculin A is critical for potent interaction with PP1
(28), which mimics a phosphate of substrates at the
active site of protein phosphatases formed with a bi-
metal center (27).

In the PP1·calyculin A modeling, calyculin A was piv-
oted at the phosphorus atom in 5°steps on the X, Y and G
axes in range of 0 ≤ α < 180°, 0 ≤  β < 360° and 0 ≤ γ < 360°

(Fig. 1A). This three-axis pivoting yielded 36 × 72 × 72 =
186,624 models of the complex. Initial orientation of caly-
culin A did not affect the results (data not shown). The
number of conflicting atom pairs were then scored to
grade the derived complex models. Figure 1B shows dis-
tribution of the number of conflicts, where groups with
the fewest conflicts are indicated in red, cyan and blue.
Models with a conflict number < 20 were selected, and
their relative rotational angles are plotted in Fig. 1C.
Models with the fewest conflicts distributed on 2 clusters
in the α/β angle map and on 4 clusters in α/γ angle map,
indicating that the restriction on the atomic distances
allowed limited orientations of calyculin A against PP1
(Fig. 1C). Models in the top 20 with the fewest conflicts
(red) were found only in one cluster with 0 ≤ α ≤ 20° on
the X-axis, 320 ≤ β ≤ 345° on the Y-axis and 340° ≤ γ ≤ 15°

on the G-axis. AMBER force energy calculation was per-
formed for the representative models in each clusters
(Table 1). The estimated binding energy is lower in the
model including fewer conflicts (Table 1). Therefore, we
used number of conflicts to evaluate the structure of the
Vol. 137, No. 5, 2005
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model. Figure 1D illustrates superimposed structures of
calyculin A on PP1 for the top 10 models with conflict
numbers below 2. Orientation of calyculin A in these
models is essentially identical to X-ray crystallographic
structure indicated as the red structure in Fig. 1D. Caly-
culin A in the model was fit to that in the crystal struc-
ture, where the lowest r.m.s.d. value for all atoms was
0.23 Å. Thus, the phosphate-pivot modeling is sufficient
to predict the interface in protein·ligand complex. This
modeling was done within a 40-min computation. A lower
step angle value such as 3°, reduced the lowest r.m.s.d.
value of the model in the library, but it increased the
number of models in the library, which caused over 10-
fold increase in the computation time (421 min).

Modeling of PP1·CPI-17 Complex—Because P-CPI-17
structure was not available, the coordinate data of T38D
form of CPI-17 mimicking the active conformation (24)
were used for the modeling, with a virtual substitution
from Asp 38 to phospho-Thr. The virtual phosphate of P-
CPI-17 was set at the position of the phosphate in the cal-
yculin A molecule, and 186,624 models were generated by

the pivoting. Models, which have conflicts between main
chain atoms of two proteins, were neglected from the
grading process. After the pre-screening process, 499
complex models were selected and subjected to the all-
atomic grading with the same parameters used for the
calyculin A complex. The distribution of PP1·P-CPI-17
models with the number of conflicts shows bell shape
peaking at 90–100 conflicts (red/magenta/cyan/blue bar
in Fig. 2A), indicating that the pre-screening process
effectively eliminated models with a high number of con-
flicts (Fig. 2A white portion). These models formed one
dominant cluster in the angle map (Fig. 2B). Red dots
indicate the 18 models with the fewest conflicts of 59–79,
and were found only in the dominant cluster. They dis-
tributed in narrow range of α/β/γ angles, within 15° (Fig.
2B) that reflects a limited orientation of CPI-17 against
PP1, as shown in the superimposed structures of top-10
models (Fig. 2C, blue lines). Main chain atoms of the
inhibitory P-loop in each top-10 model were positioned
with average r.m.s.d. of 1.1 Å. This modeling was done

Fig. 2. Modeling of PP1·P-CPI-17 complex.
(A) Distribution of PP1·P-CPI-17 models by
conflict number. Models passing the initial fil-
tering on restriction of main chain atomic dis-
tance are shown in colored bars. Conflict
number, 1–69, 70–79, 80–89, 90–99 and 100–
239 are indicated in red, magenta, cyan, and
blue, respectively. (B) Distribution of models in
angle map. Each spot indicates a model with
the color as in panel A. Top and bottom panels
show angle maps of X/Y and X/G axes, respec-
tively. (C) Superimposed structure of PP1·P-
CPI-17 complex. Structures of CPI-17 in top 10
models with conflict numbers less than 74 are
shown with blue lines. Bottom structure shows
90°-rotated form from top. The structure was
drawn using PyMoL (43).
J. Biochem.
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with a 400-min processing, whereas it took for 1,283 min
without the pre-screening process (29).

Structure of PP1·P-CPI-17 Complex—All 18 models with
the fewest conflicts of 59–79 (red/magenta bar in Fig. 3A)
were processed to AMBER force energy refinement with
permission of structural change on both CPI-17 and PP1
structure to minimize conformational energy. Figure 3

illustrates a model with the lowest energy value after a
100-step energy refinement on the 18 models. The model
underwent conformational changes with the main-chain
r.m.s.d. value of 0.33 Å from the original model. The ridge
formed by the inhibitory P-loop in P-CPI-17 fits along the
active site groove of PP1 (Fig. 3A). Along with the P-loop
in the groove, helices A and B of CPI-17 are in close prox-
imity to the surface of PP1 adjacent to the active site
groove. The curvature of the P-loop fits in the active site
groove of PP1 (Fig. 3B). The main chain of CPI-17
between P-Thr38 and Arg44 overlaps with calyculin A in
the hydrophobic cluster of PP1 (Fig. 3B, right). On the
other hand, the segment between Arg33–Val37 of CPI-17
lies near the β12–13 loop of PP1, unlike calyculin A,
whose an oxazole ring sits at the acidic groove of PP1.

A Ser/Thr phosphatase, calcineurin (CaN, PP2B), con-
sists of a globular domain with the active site and a tail
domain with an autoinhibitory segment. The autoinhibi-
tory domain (CaN 469–486) docks at the active site of

Table 1. Correlation between number of conflicts and the
estimated binding energy of PP1·calyculin A complex.

Representative models of each cluster (#1–4) in Fig. 1C were sub-
jected to AMBER energy calculation.

Cluster Angle (a, b, g) (°) Number of 
conflict

Binding energy 
(kcal/mol)

1 10, 330, 0 1 –6,358
2 170, 145, 355 7 –6,313
3 5, 15, 140 10 –6,276
4 120, 165, 115 19 –6,274

Fig. 3. Best fit model of the PP1·P-
CPI-17 complex. (A) PP1·P-CPI-17
complex. The view from the hydro-
phobic groove of PP1 (left) and its 90°
rotated view of the complex model
with one conflict is shown with the
entire structure of CPI-17 PHIN
domain (green). A pair of dots indi-
cates Mn2+ ion at the active site of
PP1, and the phosphate group is indi-
cated in red. (B) Location of P-loop of
CPI-17 on the PP1 surface. The PP1
surface was calculated using SYBYL/
MOLCAD (Tripos Inc.), where red and
blue indicate negative and positive
charged regions, respectively. P-loop, a
segment from Gln31 to Leu46, of CPI-
17 is in green, and calyculin A is in
orange. Left view corresponds to panel
A left. The active site of PP1 is set on
the front in the right view. (C) Compari-
son between structures of CaN·auto-
inhibitory domain and PP1·CPI-17 P-
loop. The structure of the catalytic
domain of CaN (1–350) (cyan) (PDB :
1AUI) was superimposed with PP1
structure (blue) of the PP1·P-CPI-17
complex. The autoinhibitory domain of
CaN (469–486) and CPI-17 P-loop are
shown in purple and green, respectively.
Vol. 137, No. 5, 2005
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CaN in the X-ray crystal structure (30). Figure 3C illus-
trates the relative positions of the autoinhibitory domain
of CaN (purple) and the inhibitory P-loop of CPI-17
(green) on the active site of CaN and PP1. The structure
of CaN catalytic domain is very similar to that of PP1.
Interestingly, although CaN autoinhibitory domain
forms an alpha helix, unlike the P-loop of CPI-17, the
position of both segments is converged on the cleft of the
active site along the β12–13 loop, and their directions are
identical. The mechanism of inhibition may be conserved
between CaN and PP1 as active site structures of both
enzymes are conserved.

Interface of PP1·P-CPI-17 Complex—The phosphate
group of CPI-17 was set at the active site in the place of
the phosphate of calyculin A, which is clamped between
Arg220 and Tyr271 of PP1 (Fig. 4A). In agreement with

the structure of PP1·calyculin A complex, mutational
studies demonstrated that Arg220 (221 in alpha isoform)
plays critical roles in the hydrolysis of the phospho-sub-
strate (27, 31). In addition, mutation at Tyr271 (272 in
alpha) was reported to reduce Vmax and to increase IC50
values against inhibitor compounds, including calyculin
A and DARPP32 (32, 33). Tyr271 is located in the β12–13
loop of PP1, which forms a protrusion overhanging the
active site (Fig. 3B, right). Tyr271 is conserved in Ser/Thr
phosphatase family, whereas the following sequence,
GEFD in PP1, is characteristic and negatively charged in
PP1 (Fig. 4A, inset). By chimeric mutational studies on
PP1 and PP2A, Zhang et al. showed that the segment
GEFD of PP1 determines sensitivities to okadaic acid
and inhibitor-2 (34). In our model, guanidium groups of
Arg33 and 36 in CPI-17 are in close proximity to Glu274/

Fig. 4. Interface of PP1 against P-
CPI-17. (A) Stereo view of P-loop of
CPI-17 and surrounding side chains
of PP1. P-loop of CPI-17 (Gln31–
Leu46) with side chains is colored
green and the phosphate is red.
Main chain of β12–13 loop is illus-
trated as a gray tube. Red and blue
in PP1 side chains are nitrogen and
oxygen atoms, respectively. Inset:
Sequence alignment in β12–13 loop
of PP1 and PP2A. (B) Binding assay
of P-CPI-17 with HA-PP1 mutants.
HA-PP1 delta WT and mutants were
transiently expressed in COS7 cells.
The cell lysate was mixed with res-
ins conjugated with thiopospho-CPI-
17 (TP-CPI-17) or MYPT1(1–300)
PP1 binding fragment. The bound
HA-PP1 was detected by immuno-
blotting with anti-HA antibody. TP-
CPI-17-bound HA-PP1 was quanti-
fied using densitometry of the blot.
Mean values and SEM from three
independent experiments are shown
in the bar graph.
J. Biochem.
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Asp276 in the GEFD segment (Figs. 3B and 4A). In the
hydrophobic groove of PP1, Ile131 has been reported to
interact with microcystin LR and okadaic acid (14, 35),
although no hydrophobic residues of CPI-17 are close to
the hydrophobic cluster. Another salt bridge between
Arg44 of CPI-17 and Asp193 of PP1 is evident at the edge
of the hydrophobic groove in this model, although no
significant contribution of Asp193 to the interaction
with inhibitor compounds was reported in the previous
crystal structures. In addition to the P-loop, A-helix of
CPI-17 locates over the N-terminal subdomain of PP1,
outside the active site (Fig. 4). Especially Lys55 of CPI-17
is 4.6 Å away from Asp137 of PP1, suggesting a potential
salt bridge.

Binding Assay of P-CPI-17 with PP1—To evaluate this
model, we tested interactions of P-CPI-17 with recombin-
ant PP1 mutants. Unlike native protein, bacterial
recombinant PP1 requires Mn2+ ion for the activity and
lacks sensitivity against inhibitor-1 and DARPP32 (36,
37). Indeed, P-CPI-17 is dephosphorylated by the bacte-
rial PP1 protein (data not shown). Therefore, we
expressed HA-tagged PP1 delta isoform in COS7 cells
and used the lysate as the PP1 preparation in a binding
assay. The cell lysates including HA-PP1 mutants were
mixed with thiophospho-CPI-17 coupled beads and the
bound HA-PP1 was detected by immunoblotting using
anti-HA antibody (Fig. 4B, top and bottom panels). Each
sample included equivalent amounts of HA-PP1 WT and
mutants (Fig. 4B, input extract). PP1 mutants maintain
the allosteric interaction with GST-MYPT1(1–300) frag-
ment, suggesting no disruption in overall conformation
by these mutations (Fig. 4B, GST-MYPT1 bound). Muta-
tions at Arg220 or Tyr271 completely eliminated the
binding with TP-CPI-17. The results strongly support
our initial hypothesis that the phosphate of P-CPI-17
docks directly at the active site of PP1. The E274R
mutant mimicking PP2A sequence in the β12–13 loop
lost its affinity for TP-CPI-17. Similarly point mutations
at Asp137 or 193 of PP1 reduce binding to TP-CPI-17.
Compared with D137K, D193K, or E274R mutant, the
mutation at Arg220 or Tyr271 was more effective on the
interaction with P-CPI-17. On the other hand, substitu-
tion of Ile132 in the hydrophobic groove to Ser does not
affect on the interaction with TP-CPI-17. Thus the muta-
tional analysis data are consistent with the structure of
PP1·P-CPI-17 complex predicted by the phospho-pivot
modeling.

DISCUSSION

Phospho-pivot modeling is based on the hypothesis that
phosphorylated residues in proteins serve as dominant
recognition elements for protein–protein association.
Advantage of the phospho-pivot modeling is to project the
molecular complex image, easily and quickly at our desk.
Although it cannot describe details of the molecular
interface, the information from the modeling was suffi-
cient to design site-specific mutants of PP1. This easy
modeling method is expected to fill a gap in structural
biology. One example is the direct binding of the phos-
phate of CPI-17 with the active site of PP1. Previous data
showed that replacing Thr38 of CPI-17 with Asp does not
enhances the affinity for PP1, even though the solution

conformation of the Asp38 mutant is very similar to the
phospho-form (24). Indeed the mutation at the phos-
phate-binding residues of PP1 Arg220/Tyr271 completely
eliminate the interaction with P-CPI-17. Thus, the
phosphorylation of CPI-17 at Thr38 induces the active
conformation of the protein, and the phosphate functions
as a coupler docking at the active site of PP1.

Structural data on oligomeric protein complexes are
accumulating in Protein Data Bank provided by struc-
tural biologists using X-ray crystalographic and/or NMR
spectroscopic techniques (3). P-CPI-17 is easily dephos-
phorylated by recombinant PP1, and even thiophospho-
CPI-17 is partially hydrolyzed under conditions used for
structural studies (data not shown); therefore, we could
not obtain a stable complex of PP1·P-CPI-17 in vitro. Our
phospho-pivot modeling enables us to visualize the 3D
structure of this fragile phospho-protein complex in
silico. Initial modeling was done assuming two rigid
molecules. Models of PP1·P-CPI-17 complex include at
least 59 conflicts in their structures, implying alimitation
of this simple modeling algorithm in simulating the
molecular interface. Nonetheless, it is possible that the
model demonstrates an initial collision between two mol-
ecules, unlike X-ray co-crystal structure, which repre-
sents a stabilized conformation. The initial conflicts
found in this modeling may drive conformational changes
to reach an energy minimum structure. Thus, compari-
son of the structures from the phosphate-pivot modeling
and the X-ray co-crystal structure would help in under-
standing how the conformational change undergoes after
molecular collisions. Because P-CPI-17 acts as an in-
hibitor and a substrate of PP1 (23), the modeled PP1·P-
CPI-17 complex possibly represents the structure of pre-
Michaelis-Menten complex (pre-ES complex) of PP1 and
the substrate. Recently Brinkworth et al reported 3D
structure-based prediction of substrate specificity in
protein kinases (38). The phospho-pivot modeling is ca-
pable of revealing PP1·P-substrate interfaces that will
uncover rules of substrate specificity in Ser/Thr phos-
phatases.

The hydrophobic groove of PP1 is not involved in the
interaction with P-CPI-17 unlike the interaction with
other inhibitor compounds (14, 27, 35). Thus, electro-
static interactions rather than hydrophobic interaction
seem to be dominant in the PP1·P-CPI-17 complex, which
is consistent with our previous finding that myosin phos-
phatase is eluted from TP-CPI-17 affinity resin with
moderate salt concentration of 0.5 M NaCl (39). Further-
more, the phospho-pivot modeling successfully predicts
the interaction of P-CPI-17 with Glu274 in PP1 β12–13
loop, where the amino acid sequence is unique to PP1
among the Ser/Thr phosphatase family. P-CPI-17 does
not inhibit purified PP2A or calcineurin (40). The interac-
tion with β12–13 loop is suggested to be a determinant
for the specificity of CPI-17. However the mutation at
Glu274 did not completely eliminate the affinity for P-
CPI-17. P-CPI-17 might recognize the overall conforma-
tion of PP1 as well as the residues in β12–13 loop. For
this modeling, we used structures of T38D-CPI-17, which
mimics that of P-form but does not bind recombinant
PP1. Nonetheless, the predicted structure is sufficient to
guide mutational analyses on the interaction. During the
preparation of this manuscript, the co-crystal structure
Vol. 137, No. 5, 2005
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of the PP1·MYPT1 fragment was reported (41). The posi-
tion of CPI-17 in our model does not conflict with the
MYPT1 fragment in the complex, where MYPT1 docks at
the back side of the active site (data not shown). Further
structural data for phosphorylated CPI-17 are expected
to refine the modeling data of the MYPT1·PP1·P-CPI-17
complex.

Furthermore, we are expecting that the phospho-
pivot modeling will be applied to proteins consisting of
phosphate receptors, such as 14–3-3 protein and BRCA1
BRCT domain (1, 42). Small phospho-peptide, phospho-
compounds, sulfate, or tungstate ions have been co-crys-
tallized with phosphate receptor proteins. We expect that
these phosphate or analog ions provide us the position of
the pivot for modeling. Half of human proteins, over
25,000, are predicted to be phospho-proteins. The phos-
pho-pivot modeling will provide a powerful tool for their
analysis in post-genomic era.

We thank Prof. David L. Brautigan, University of Virginia, for
his enthusiastic support and for proofreading this manu-
script.
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