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ABSTRACT: Regulation of the major Ser/Thr phosphatase protein phosphatase 1 (PP1) is controlled by a
diverse array of targeting and inhibitor proteins. Thoughmany PP1 regulatory proteins share at least one PP1
binding motif, usually the RVxF motif, it was recently discovered that certain pairs of targeting and inhibitor
proteins bind PP1 simultaneously to form PP1 heterotrimeric complexes. To date, structural information for
these heterotrimeric complexes and, in turn, how they direct PP1 activity is entirely lacking. Using a
combination of NMR spectroscopy, biochemistry, and small-angle X-ray scattering (SAXS), we show that
major structural rearrangements in both spinophilin (targeting) and inhibitor 2 (I-2, inhibitor) are essential for
the formation of the heterotrimeric PP1-spinophilin-I-2 (PSI) complex. The RVxF motif of I-2 is released
from PP1 during the formation of PSI, making the less prevalent SILK motif of I-2 essential for complex
stability. The release of the I-2 RVxF motif allows for enhanced flexibility of both I-2 and spinophilin in the
heterotrimeric complex. In addition, we used inductively coupled plasma atomic emission spectroscopy to
show that PP1 contains two metals in both heterodimeric complexes (PP1-spinophilin and PP1-I-2) and
PSI, demonstrating that PSI retains the biochemical characteristics of the PP1-I-2 holoenzyme. Finally, we
combined the NMR and biochemical data with SAXS and molecular dynamics simulations to generate a
structural model of the full heterotrimeric PSI complex. Collectively, these data reveal the molecular events
that enable PP1 heterotrimeric complexes to exploit both the targeting and inhibitory features of the PP1-
regulatory proteins to form multifunctional PP1 holoenzymes.

PP11 is a major Ser/Thr protein phosphatase with roles in
numerous cellular processes including cell cycle progression,
protein synthesis, muscle contraction, transcription, and neuro-
nal signaling (1, 2). Twometals in the active site of PP1mediate a
single step dephosphorylation reaction. The metal ions enhance
the nucleophilicity of a water molecule bound at the active site,
which performs nucleophilic substitution with the phosphate
moiety (3, 4). In vitro these metals are often manganese, as PP1 is
expressed in the presence of manganese. In vivo it is believed that
thesemetal ions are iron and zinc (4). The surface of PP1 is chara-
cterized by extensive grooves, including three potential substrate
interaction sites: the acidic, the hydrophobic, and the C-terminal

substrate binding grooves. Due to its large number of functions,
PP1 is active toward a broad range of substrates (5). Despite this
inherent lack of substrate specificity, dephosphorylation events
by PP1 are under exceedingly tight control. This strict regulation
of PP1 activity is mediated by a large number of diverse regulatory
proteins (∼200) (5, 6). There are two types of regulatory proteins:
1) targeting proteins that direct PP1 to specific locations in the
cell and alter its substrate specificity and 2) inhibitor proteins
(7, 8). Notably, these regulatory proteins have very little sequence
similarity. In addition, structures of PP1 in complex with the
targeting proteins spinophilin/neurabin (9) andMYPT1 (10) and
the inhibitor protein inhibitor 2 (I-2) (11, 12) demonstrate the
diversity of regulatory protein interactions with PP1. From these
structures it has become evident that targeting proteins regulate
PP1 by differentially altering its ability to bind substrates. Spino-
philin blocks the C-terminal groove (9), whileMYPT-1 appears to
extend the acidic groove of PP1 (10). Recently, it was shown
that specific pairs of targeting and inhibitor proteins can bind
PP1 simultaneously, adding an additional layer of complexity
to PP1 regulation (13-15). Despite the recent advances in
structural information for heterodimeric complexes of PP1,
structural information for heterotrimeric PP1 complexes is
entirely missing.

Oneheterotrimeric PP1 complexof interest is PP1-spinophilin-
I-2 (PSI). Spinophilin is a multidomain scaffolding protein which
targets PP1 to dendritic spines and is important for the regulation
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of excitatory synaptic transmission and synaptic plasticity (16-18).
I-2 is a ubiquitous, single domain inhibitor of PP1 found in
diverse tissues such as brain, skeletal muscle, and sperm (19). As
cells progress to the S phase of the cell cycle (20), I-2 is
translocated into the nucleus and its expression peaks during
S-phase and mitosis (21), indicating a role for I-2 in cell cycle
regulation. In vitro, I-2 forms an inactive complex with PP1 that
can be reactivated by phosphorylation of I-2 at Thr72 by
glycogen synthase kinase 3 or cyclin-dependent kinase 2. Re-
cently, spinophilin (or its neuronal isoform neurabin) and I-2
were shown to bind PP1 simultaneously to form a heterotrimeric
complex (PSI). Furthermore, I-2 and neurabin were shown to
colocalize in actin-rich adherens junctions and dendritic spines
(13), suggesting a role for the heterotrimeric PSI complex in
cytoskeletal rearrangement and/or neuronal signaling. Once
targeted to the dendritic spine and cytoskeleton, the PSI complex
is poised for immediate activation from signaling pathwayswhich
may lead to the phosphorylation of I-2 and reactivation of the
phosphatase.

Most PP1 regulatory proteins bind PP1 via a common docking
motif termed the RVxF motif. This short consensus motif binds
PP1 in a hydrophobic pocket ∼20 Å from the active site. The
necessity of this interaction site for interaction with PP1 is the
reason that it was originally thought that only one regulatory
protein could bind PP1 at a time. This view has changed over the
last ten years, with the identification of the PSI complex, as well as
the identification of three additional heterotrimeric PP1 com-
plexes, including the PP1-GADD34-I-1, the PP1-Sds22-I-3
and the PP1-MYPT1-CPI-17 complexes (14, 15, 22). However,
GADD34 and I-1 also interact in the absence of PP1. Moreover,
CPI-17 does not contain an RVxF motif; rather it is a highly
specific inhibitor of the PP1-MYPT1 holoenzyme. Lastly, Sds22
also does not contain an RVxF motif. Thus, only in the PSI
complex do both PP1 regulators, spinophilin and I-2, contain a
RVxF motif and require PP1 for the formation of the hetero-
trimeric complex (13).

The PP1-spinophilin (PS) and PP1-I-2 (PI) complex struc-
tures have been solved by X-ray crystallography and NMR
spectroscopy-based ensemble calculations (9, 11, 12). These struc-
tures provide insights into the mechanisms each protein uses to
regulate PP1. While both proteins form unique interactions with
PP1, they also share common binding sites. First, both spino-
philin and I-2 bind PP1 via the RVxF motif (9, 11, 23). Second,
helices from I-2 and spinophilin bind in a similar location on PP1
near the hydrophobic groove, with residues Asp163 of I-2 and
Glu482 and Glu486 of spinophilin making contacts with Arg132
of PP1. Therefore, a structural rearrangement of I-2, spinophilin,
or both proteins is necessary for the formation of the hetero-
trimeric PSI complex. We have used NMR spectroscopy, bio-
chemistry, and small angle X-ray scattering (SAXS) to gain
insight into the formation and regulation of PSI. In combination
with the previously reported structures of the heterodimeric
complexes, our data provide the first structural insights into a
heterotrimeric PP1 complex and provide a model for how these
complexes direct PP1 activity in vivo.

MATERIALS AND METHODS

Protein Expression and Purification. Unlabeled PP1R7-330,
unlabeled spinophilin417-583, andbothunlabeledand

2H,15N-labeled
I-29-164C85S were produced as previously described (9, 12, 24, 25).
As NMR spectroscopy becomes increasingly more difficult
with increasing size of proteins, the shortest, but fully biologically

active constructs of spinophilin and I-2 were used for all NMR
experiments. Both constructs contain the total binding activity for
PP1. The spinophilin construct included the neighboring PDZ
domain to enhance stability of spinophilin in solution. The C85S
mutation of I-2 was used because wild-type I-2 dimerizes by forming
an artificial disulfide bond (dimer formation can be reversed by
reducing agents), and this dimerization is not observedwith I-2C85S.
The expression of 2H,15N-labeled spinophilin417-583 was carried out
by growing freshly transformed BL21-Codon-Plus (DE3)-RIL cells
(Stratagene) in M9 minimal medium containing 1 g/L 15NH4Cl as
the sole nitrogen source, prepared in D2O. Protein expression was
induced with 1 mM IPTG. 2H,15N-labeled spinophilin417-583 was
purified following the same protocol as unlabeled spinophilin417-583.
The PS and PI complexes were produced as previously de-
scribed (9, 12) with the following minor modifications. After elution
from the Ni-NTA column, the complexes were purified using a
Superdex 200 26/60 size exclusion column (GE Healthcare) equili-
bratedwith PP1 complex buffer (20mMTris, pH 7.5, 50mMNaCl,
0.5mMTCEP).Tobacco etch virus proteasewas added to cleave the
His6-tag from PP1R7-330. After digestion was complete, the com-
plexes were loaded onto Ni-NTA beads, from which they eluted in
the flow-through. For the final purification step, the proteins were
purified using a Superdex 75 26/60 size exclusion column (GE
Healthcare) equilibrated with PP1 complex buffer.

For the production of the PSI complex, PP1R7-330 was bound
to Ni-NTA beads via its His6-tag and incubated with purified,
untagged spinophilin417-583. Following step elution with buffer
containing 250 mM imidazole, the eluate was loaded directly
onto a Superdex 200 26/60 size exclusion column equilibrated
with PP1 complex buffer. Fractions containing the PS complex
were confirmed by SDS-PAGE gel electrophoresis. The com-
plex was pooled, andTEVproteasewas added to remove theHis6
tag from PP1 overnight. After digestion was complete, the
complex was incubated with a 1:2 molar ratio of >98% pure
I-29-164, and the complex was loaded onto a Superdex 75 26/60
size exclusion column equilibrated with PP1 complex buffer. The
heterotrimeric PSI complex eluted from this column at∼127mL.
Fractions containing the PSI complex were confirmed by SDS-
PAGE gel electrophoresis.

The QuikChange site-directed mutagenesis kit (Stratagene)
was used to create the C85S, I13A/L14A/K15A, K42A/Q44G,
W46A, and R157A/D163A mutants of I-2 following the manu-
facturer’s protocol. The presence of themutations was confirmed
by sequencing. All mutants were prepared following the same
protocol as I-29-164C85S. CD spectroscopy was used to confirm
that mutagenesis of I-2 did not alter the overall secondary
structure of the protein. CD spectra and estimation of percent R-
helical content of the I-2 mutants were performed as previously
reported (25).
NMR Spectroscopy. Samples for NMR spectroscopy were

prepared in 20 mM Tris, pH 7.5, 50 mM NaCl, and 0.5 mM
TCEP. The 2D [1H,15N]-HSQC spectra of unbound I-2 and
unbound spinophilin were measured at 298 K on a Bruker
Avance II 500 MHz spectrometer equipped with a TCI HCN
z-gradient cryoprobe. The 2D [1H,15N]-TROSY spectra of
the PS, PI, and PSI complexes were measured at 298 K on a
Bruker Avance II 800 MHz spectrometer equipped with a
TCI HCN z-gradient cryoprobe. The NMR spectra were
processed with Topspin 1.3 (Bruker) and analyzed with the
CARA software package (www.nmr.ch). Chemical shift
differences (Δδ) were calculated as Δδ (ppm) = [(ΔδH)

2 þ
(ΔδN/10)

2]1/2.
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Inductively Coupled Plasma Atomic Emission Spectros-
copy. The manganese content of the PS, PI, and PSI complexes
was measured using a Jobin Yvon JY2000 inductively coupled
plasma atomic emission spectrometer. Complexes were prepared
as described, concentrated, and then diluted in 2% nitric acid.
Manganese standards were prepared in 2% nitric acid. Three
independent measurements were performed in triplicate for each
sample.
pNPPAssay.Dephosphorylation of pNPP by P, PI, and PSI

was carried out by the incubation of PP1 alone or the PI or PSI
complexes with 0.5, 1, 2, 4, and 8 mM pNPP. Reactions were
incubated for 30min at 30 �Candwere quenched by addition of 1
M NaOH. The amount of p-nitrophenolate product was deter-
mined from the absorbance at 405 nm using a molar extinction
coefficient of 18000M-1 cm-1. Sigmaplot (Systat Software Inc.)
was used to determine the KM and kcat for each complex against
pNPP.
Capture Assay. For the capture assay using PP1, cells

expressing His6-tagged PP1R7-330 were lysed by high-pressure
homogenization (Avestin C-3 Emulsiflex). His6-tagged PP1R7-330

was bound to Ni-NTA beads (Qiagen, six parallel 1 mL columns
with fresh beads). For the capture assay using the PS complex, PS
was prepared as described above up until the TEV cleavage step.
The PS complex was bound toNi-NTA beads via the His6-tag on
PP1R7-330 (Qiagen, six parallel 1 mL columns with fresh beads).
The beads were extensively washed and subsequently incubated
with buffer, I-29-164C85S, or one of the four I-2mutants for 1 h at
4 �C. After extensive washing to remove any unbound I-2, the
PI or PSI complexes were eluted with elution buffer containing
1M imidazole. Bound complexes were analyzed by SDS-PAGE
using Coomassie blue staining, and the density of the protein
bands was quantified using the Quantity One program (Bio-Rad
Laboratories).
Small Angle X-ray Scattering. Small angle X-ray scattering

(SAXS) data were recorded on the PSI complex. Samples were
prepared in 20 mM Tris, pH 7.5, 50 mM NaCl, and 0.5 mM
TCEP within 24 h of data acquisition and were stored at 4 �C.
Prior to scattering experiments the samples were concentrated
and filtered through a 0.02 μm filter (Whatman). Scattering data
were collected at the National Synchrotron Light Source (NSLS)
beamlineX9 using aMarCCD165 located at 3.4m distance from
the sample for small angleX-ray data.Wide angleX-ray scattering
(WAXS) data were collected simultaneously with SAXS data
using a Photonic Science CCD located at 0.47m from the sample.
Twenty microliters of sample was continuously flowed through a
1 mm diameter capillary and exposed to a 400 � 200 μm X-ray
beam for 180 s of total measurement time. Scattering data for the
PSI complex were collected at 0.8 and 1.2 mg/mL. PRIMUS was
used for normalization of changes in the beam intensity, buffer
subtraction, and merging of the small angle and wide angle
scattering data (26). The radius of gyration (Rg) was calculated
using a Guinier approximation, I(q) = I(0) exp(-q2Rg

2/3), where
a plot of I(q) and q2 is linear for q<1.3/Rg (27). Four independent
scattering trials were averaged. The linearity of the Guinier plots
was evaluated to confirm that no aggregationwas present in any of
the samples. HYDROPRO was used to calculate the Rg for the
PSI model (28). GNOM was used to determine the pair distribu-
tion function [P(r)] and maximum particle dimension (Dmax)
(29). Sixteen independent ab initio models were calculated using
GASBOR (30). The models were aligned and averaged using
DAMAVER (31). The averaged ab initio envelope was aligned
with the PSI model using SUPCOMB (32). BILBOMD was used

to investigate the flexibility of the PSI complex (33). Molecular
dynamics (MD) simulations as part of BILBOMD were used
to generate 12000 structures with a Rg range of 20-50 Å
(200 structures/1 Å; two total calculations). Theoretical scattering
curves were calculated for each structure using FOXS and
compared to the experimental data (34). The single best fit
structure is defined as the structure with the lowest discrepancy
(χ2) between the theoretical and experimental data. A minimal
ensemble (MES)modelwas generated as previously described; this
is the minimal number of either two, three, four, or five structures
that provided the smallest discrepancy between theoretical and
experimental scattering data (33). This ensemble was selected as
the best model for the protein complex in solution.

RESULTS

Spinophilin417-583, I-29-164C85S, and PP1R7-330 Form
aStableHeterotrimericComplex inVitro.Size exclusion chro-
matography (SEC)wasused todeterminewhether spinophilin417-583,
I-29-164C85S, and PP1R7-330 form a stable heterotrimeric com-
plex in vitro. Briefly, the PS complex was incubated with a 1:2
molar ratio of I-29-164, and the formed complex was injected onto
a Superdex 75 26/60 size exclusion column. The heterotrimeric
PSI complex eluted at ∼127 mL, prior to excess unbound I-2
(Figure 1). For comparison, both PS and PI elute at ∼155 mL,
demonstrating a significant increase in molecular size upon
formation of the heterotrimeric PSI complex. SDS-PAGE gel
electrophoresis confirmed the presence of all three proteins in the
appropriate stoichiometric ratios (Figure 1). Additionally, we
have measured the activity of P, PI, and PSI against pNPP, a
commonly used substrate in phosphatase assays (Supporting
Information Table S1). The KM of PP1, PI, and PSI for pNPP is
2.5 ( 0.7, 6.9 ( 0.2, and 6.7 ( 0.2 mM, respectively. These data
demonstrate that I-2 is active as a competitive inhibitor of PP1
in both the PI and PSI complexes. Taken together, these data
demonstrate the stable formation of the heterotrimeric PSI
complex in vitro.
Two Manganese Ions Are Present in the Active Site of

All Three PP1Complexes. Twomanganese ions are present in
the active site of PP1 in the crystal structure of the PS complex (9)
and the PP1-MYPT1 complex (10). In contrast, only one
manganese ion was observed in the crystal structure of the PI
complex (11), suggesting that I-2 may expel one of the metals
from the active site of PP1 as a mechanism of inhibition. To
determine the number of Mn2þ ions in the heterodimeric PS, the
heterodimeric PI, and the heterotrimeric PSI complex in solution,
we used inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The results are summarized in Table 1. As expected,
2 mol of manganese was present per mole of PS. In addition,
2mol ofmanganesewas also present permole of bothPI and PSI.
Thus, these data show that PSI retains the biochemical char-
acteristics of the PS and PI holoenzymes.
The I-2 RVxF Motif Is Not Necessary for Stable PP1

Binding. An overlay of the crystal structures of the PS and PI
complexes reveals two regions of steric clashing between I-2 and
spinophilin (Supporting Information Figure S1). Thus, to form
the heterotrimeric PSI complex, either spinophilin, I-2, or bothmust
undergo a conformational rearrangement. In order to understand
the structural rearrangements that occur during the formation of
PSI, we undertook NMR spectroscopy studies of PS (55.9 kDa),
PI (55.2 kDa), andPSI (73.9 kDa). For these studies, only a single
protein (either I-2 or spinophilin) was 2H,15N isotopically labeled
and, thus, NMR active; the other proteins of the heterotrimeric
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complex remained unlabeled, and, thus, invisible in the NMR
spectra. This makes the analysis of the NMR spectra much more
feasible for these high molecular mass complexes (>55 kDa).

We previously completed the sequence-specific backbone
assignment of I-2 in both the unbound and PP1-bound states
(12, 25). We subsequently demonstrated that regions of I-2 with
significant chemical shift differences between unbound I-2 and
PP1-bound I-2 were limited to the three regions that directly
interact with PP1, specifically the RVxF motif, the SILK motif,
and the C-terminal helix (12). The SILK motif is a previously
identified interaction site of I-2 with PP1 (6, 35, 36). These
experiments confirmed that large regions of I-2, including
residues 55-127, remain flexible in the PP1-bound state. Figure
2A depicts an overlay of the 2D [1H,15N]-HSQC spectrum of
unbound 15N-labeled I-2 and the 2D [1H,15N]-TROSY spectrum
of 2H,15N-labeled I-2 in PSI while Figure 2B depicts an overlay of
the 2D [1H,15N]-TROSY spectra of 2H,15N-labeled I-2 in the PI
and PSI complexes. The spectra in Figure 2B are highly similar,
indicating that no major structural rearrangement of I-2 between
the PI and PSI complexes occurs. The differences in the spectra
are quantifiedusing chemical shift difference plots,which are shown
in Figure 2C (unbound I-2 versus I-2 in PSI) and Figure 2D (I-2
in PI versus I-2 in PSI). The regions of I-2 with significant
chemical shift differences between unbound I-2 and PSI are the
SILKmotif, which binds the back side of PP1, and theC-terminal
helix, which lies over the PP1 active site. In contrast, there are
essentially no differences in the RVxF motif between unbound
I-2 and PSI. This shows that the RVxFmotif is not bound to PP1
in the PSI complex. This is further supported by that observation

that the RVxF motif is the only region of I-2 with significant
chemical shift differences when comparing the chemical shifts of
I-2 in PI and PSI complexes.
Pull Downs of I-2 Mutants Identify the SILK Motif as

Critical for PSI Formation. To complement the NMR analysis
of each of the three PP1-binding motifs of I-2 in the formation of
the PI versus PSI complexes, numerous I-2 point mutants were
created and used in pull-down assays to test their ability to form
the PSI complex. I-2C85S was used as the wild-type control (11).
The SILKmutant, I13A/L14A/K15A, includes residues forming
both electrostatic and hydrophobic interactions with PP1. The
RVxF (residuesKSQKW42-46 in I-2)mutant 1,W46A,was created
becauseW46 is buried in a hydrophobic pocket in the RVxFmotif
binding groove and plays an essential role in forming the PI
complex. However, we have previously shown that W46 is also
important in the stabilization of transient tertiary structure in
unbound I-2 (12, 25). In order to confirm that our results were
not due to a destruction of important tertiary structure in unbound
I-2, an additional RVxF mutant 2, K42A/Q44G, was produced;
these residues also make important contacts with PP1. Finally, the
C-terminal helixmutant,R157A/D163A,was created because these
residues form important electrostatic interactions with PP1 in the
PI complex. CD spectroscopy confirmed that mutagenesis did not
alter the secondary structure present in unbound I-2 (Supporting
Information Figure S2).

As shown in Figure 2E, all three PP1 binding motifs of I-2 are
equally important in the formation of the PI complex, as all
mutations affected the binding of I-2 to PP1 alone about equally
(∼20-40% reduction in binding; black bars). In contrast, the
SILK motif mutant, in agreement with our NMR data, resulted
in significantly less binding of I-2 to the PS complex (∼85%
reduction in binding) when compared with all other I-2 mutants
(gray bars). Therefore, upon release of the I-2 RVxF motif from
PP1, the SILKmotif becomes critically important for I-2 to bind
PS and form the heterotrimeric PSI complex.

Collectively, these data show that the RVxF motif of I-2 is
in a similar environment in unbound I-2 and PSI, i.e., not bound
to PP1, while the SILK motif and C-terminal helix are in similar
environments in the PI and PSI complexes, i.e., bound to PP1.

FIGURE 1: PP1, spinophilin, and I-2 form a stable, heterotrimeric complex. Superdex 75 26/60 SEC chromatograms are shown for PS (dashed
line), PI (dashed-dotted line), PSI (solid line), and a series of molecular mass standards (dotted line). In the PSI chromatogram, distinct peaks are
observed for the PSI complex at 127mL and for excess, unbound I-2 at 149mL (void volume∼100mL). The PSI chromatogram is overlaid with
that of PS and PI alone, illustrating the shift in elution position upon complex formation. The SDS-PAGE gel to the right of the chromatogram
shows that I-2 and spinophilin are bound to PP1 in a 1:1 stoichiometric ratio and that the complex is highly pure.

Table 1: Manganese Content of PS, PI, and PSI Complexes As Measured

by ICP-AESa

complex mol of Mn2þ/mol of complex standard deviation

PS 2.3 0.3

PI 1.9 0.1

PSI 2.4 0.3

aValues are the average of three independent measurements performed
in triplicate.
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NMR Spectroscopy of PS and PSI. To determine if a
structural rearrangement of spinophilin plays a role in the
formation of PSI, we undertook NMR spectroscopy studies of
spinophilin in the PS andPSI complexes.Wepreviously completed
the sequence-specific backbone assignment of unbound spino-
philin, which was used for the analysis of the PS and PSI spectra
(9, 37, 38). The overlay of the 2D [1H,15N]-HSQC/TROSY
spectra of unbound 15N-labeled spinophilin and 2H,15N-labeled
spinophilin in the PS complex is shown in Figure 3A, while the
overlay of the 2D [1H,15N]-TROSY spectra of 2H,15N-labeled
spinophilin in the PS and PSI complexes is shown in Figure 3B.
Unbound spinophilin shows limited preference for transient
secondary and tertiary structure throughout its PP1 binding
domain (12).However, upon binding to PP1, secondary structure

elements are formed in the PP1 binding domain, following
restriction to a single conformation (9). As is expected for such a
significant folding-upon-binding transition, the 2D [1H,15N]-
HSQC/TROSY spectra of unbound spinophilin and spinophilin
in the PS complex are significantly different. Therefore, it was not
possible to transfer the assignment of unbound spinophilin onto
PP1-bound spinophilin. Due to the low stability of the complex
(∼20 h, 120 μM) it was impossible to record the necessary 3D
NMR spectra in a quality that would allow for the sequence-
specific backbone assignment determination of spinophilin in the
PS complex. However, ∼15 peaks differ in the 2D [1H,15N]-
TROSY spectra of spinophilin in the PS and PSI complexes,
indicating that the local environment of these spinophilin residues
is different in these two complexes, due to I-2 binding.

FIGURE 2: The RVxFmotif of I-2 is released from PP1 in the formation of PSI, increasing the importance of the SILKmotif. (A) Overlay of the
[1H,15N]-HSQC spectrum of unbound I-2 (pink) and the [1H,15N]-TROSY spectrum of PSI-bound I-2 (black). Peaks undergoing chemical shift
changes are annotated. (B)Overlay of the [1H,15N]-TROSYspectra ofPSI-bound I-2 (black) andPI-bound I-2 (red). (C)Chemical shift difference
plotof unbound I-2 versusPSI-bound I-2 indicates that residues in theRVxFmotif of I-2 are in similar environments inunbound I-2 and in thePSI
complex. Only residues in the SILKmotif and the C-terminal helix show significant differences in chemical shifts. (D) Chemical shift difference
plot of PSI-bound I-2 versus PI-bound I-2 indicates that residues in the SILKmotif and the C-terminal helix of I-2 are in similar environments in
PSI and PI complexes. Only residues in the RVxFmotif show significant changes in chemical shifts between these two complexes. This indicates
that the I-2 RVxF motif releases from PP1 during the formation of PSI. (E) Pull-down assays (error bars are based on three independent
measurements performed in triplicate) of I-2 mutants using PP1-bound Ni-NTA resin (black bars) or PS-bound Ni-NTA resin (gray bars). The
SILK mutant is I13A/L14A/K15A, the RVxF mutant 1 is W46A, the RVxF mutant 2 is K42A/Q44G, and the helix mutant is R157A/D163A.
Binding to PP1 alone is affected equally bymutations in all three regions of I-2 that interact with PP1.However,mutation of the SILKmotif has a
dramatic affect on the binding of I-2 to PSI, indicating its increased importance after release of the I-2 RVxF motif from PP1.
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SAXS Analysis of the Heterotrimeric PSI Complex. To
gain further structural insights into the heterotrimeric PSI complex,
we performed small angle X-ray scattering (SAXS), which reports
on the overall size and shape of a protein in solution (Supporting
Information Figure S3, Table 2). SAXS data were recorded at
multiple concentrations, andGuinier analysis of the PSI complex
reported a radius of gyration of 37.1( 1.0 Å (Figure 4A). For the
initial analysis of the SAXS data we created a PSI model
(thereafter referred to as PSIm) based on a superposition of the
PS X-ray crystal structure and the PI ensemble structure (12).
Interestingly, the calculated Rg of the PSIm structure is only
33.7 Å and thus significantly smaller than the experimental value
based on the Guinier approximation. This shows that the PSIm
superposition model does not provide a good representation of
the PSI complex, and the formation of PSI results in a more
extended structure.

Next, GASBOR was used to calculate an ab initio molecular
envelope of the PSI complex (Figure 4B) (30). Sixteen indepen-
dent ab initiomodels were created with amaximal length of 125 Å
as determined by the analysis of the pair-distance distribution

function (Supporting Information Figure S3C). The ab initio
models were then averaged and the models aligned with a normal-
ized spatial discrepancy (NSDa) of 1.37( 0.04 (32). The alignment
of the PSI envelope with PSIm resulted in a poor NSDm of 2.02.
Interestingly, the ab initio envelope contains additional density
that does not directly correlate with any structural elements of
PSIm. These results further support our NMR and biochemical
data which show that both spinophilin and I-2 exhibit increased
flexibility due to the structural rearrangements that accompanyPSI
complex formation. Therefore, PSI cannot be accurately described
by a single structure.
EnsembleModel for PSI.To further refine the conformation

of the PSI complex in solution, we used the program BILBOMD
(33),which samples conformational spaceusingmolecular dynamics
(MD) simulations and subsequently selects for the models that
have the best agreement between the theoretical and experimental
scattering data. The PSIm superposition model and information
from the NMR spectroscopy and biochemistry experiments were
used to define regions of rigidity and flexibility. TheNMRanalysis
of I-2 in the PSI complex shows that the chemical shifts of the I-2
C-terminal helix in the PI and PSI complexes are identical,
indicating that the I-2 helix interactions observed in the PI crystal
structure are also present in the PSI complex. However, this
implies that the position of the spinophilin helix must change
upon heterotrimeric PSI complex formation. Thus, PP1 (residues
7-300; electron density in the PP1-spinophilin structure),
spinophilin residues 424-476 (electron density in the PP1-spi-
nophilin structure), and the I-2 SILK motif (residues 11-16;
electron density in the PP1-I-2 structure) and helix of I-2 (residues
130-164; electron density in the PP1-I-2 structure) were fixed as
rigid body 1, which was not allowed to move. The spinophilin
PDZdomain (residues 494-583; electron density in the PP1-spi-
nophilin structure) was defined as rigid body 2, which was allowed
tomove relative to rigid body 1. Based on our NMRdata, spino-
philin residues 477-493 (helix) and I-2 residues 9-10 (N-terminal

FIGURE 3: Structural rearrangement is seen in spinophilin upon formation of PSI. (A) Overlay of the [1H,15N]-HSQC spectrum of unbound
spinophilin (pink) and the [1H,15N]-TROSY spectrum of PPI-bound spinophilin (black). Major changes in spinophilin between the two spectra
are due to the folding-upon-binding transition spinophilin undergoes upon binding to PP1. (B) Overlay of the [1H,15N]-TROSY spectra of PPI-
bound spinophilin (black) and PSI-bound spinophilin (red). Limited differences between the two spectra indicate that spinophilin does not
undergo a large conformational rearrangement between the PS and PSI complexes. However, ∼15 residues exhibit significant chemical shift
changes (highlighted by blue circles in zoom-in frame D).

Table 2: Statistics for SAXS Analysis of the PSI Complexa

PSI

Guinier approximation

Rg (Å) 37.1 ( 1.0

P(r) function calculation

q-range (Å-1) 0.015-0.300

Rg (Å) 36.5

Dmax (Å) 125

structure modeling

χ 1.30 ( 0.03

NSDa 1.37 ( 0.04

NSDm 2.02

aNSDa is the discrepancy between the ab initio models. NSDm is the
discrepancy between the envelope and the PS and PI overlay model.
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to the SILK motif) and I-2 residues 17-129 were defined as
flexible.

As expected, the generated PSI structures sample a broad
conformational space with an Rg between 25.1 and 50.0 Å.
Theoretical scattering data from a single best fit structure
fits the data with a χ2 = 1.47. A minimal ensemble search
(MES) model of five structures provides a better fit to the

experimental data with a χ2 = 1.08 (Figure 4C,D). Indivi-
dually, each structure of the ensemble has a significantly
worse fit to the data, demonstrating that the structure of the
PSI complex can only be described as an ensemble of
structures. The five ensemble structures that form the PSI
MES include an Rg range from 30.8 to 48.7 Å and are
represented from 13% to 32% (Figure 4E). These structures

FIGURE 4: SAXS analysis of the PSI complex. (A) TheGuinier region of the scattering curve for data recorded at 0.8 and 1.2mg/mL. (B)Ab initio
envelope for PSI. Overlay of the ab initio envelope (gray surface representation) with the PS crystal structure and one structure from the PI
ensemblemodel. All structures are shown as cartoon images with spinophilin in red, PP1 in black, and I-2 in cyan. BILBOMDanalysis of the PSI
complexwas carried out. (C) Graph comparing theRg to the χ

2 for the 12000 structures generated duringMDsimulations (gray squares). χ2 is the
discrepancy between the theoretical scattering and the experimental data. The data point corresponding to the single best fit structure is shown
blue, and the data points for the five structures of theMESmodel are shown in red. (D)Comparison of the theoretical scattering data (red line) for
the best fitMESmodel to the experimental scatteringdata (black squares). (E)The five structures of theMESmodel are shownwithPP1 in gray as
a surface representation and spinophilin and I-2 as cartoon representations in red and cyan, respectively. The relative percent populations are
listed below each structure along with the Rg for each structure.
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provide an insight into the increased flexibility of I-2 and
spinophilin in the PSI complex.

DISCUSSION

Recently, it was shown that pairs of PP1 targeting and inhibitor
proteins can interact with PP1 simultaneously to form hetero-
trimeric holoenzymes (13-15). However, until now, no detailed
biochemical and structural information for any PP1-targeting
protein-inhibitor protein triple complex has ever been reported.
By integrating the results from NMR spectroscopy, biochemis-
try, ICP-AES, and SAXS, we now show that major structural
rearrangements in both spinophilin (targeting) and inhibitor 2 (I-2,
inhibitor), but not in PP1, are essential for the formation of the
heterotrimeric PP1-spinophilin-I-2 (PSI) complex. Specifically,
our ICP-AES results show that, in the PSI complex, the active site
of PP1 is unchanged, with all three complexes (PS, PI, and PSI)
containing two Mn2þ ions. In contrast, our NMR, biochemical,
and SAXS data show that the PP1 regulatory proteins undergo
significant structural rearrangements upon PSI complex forma-
tion, with the RVxF motif of spinophilin displacing that of I-2
and the helix of I-2 displacing that of spinophilin, leading to an
increase in the flexibility of both PP1 regulatory proteins. Further-
more, due to this increased flexibility, the PSI structure cannot be
described as a single conformer but instead must be described as
an ensemble of structures. Collectively, these data provide the first
insights into the molecular interactions that enable PP1 hetero-
trimeric complexes to exploit the targeting and inhibitory char-
acteristics of PP1 regulatory proteins to form multifunctional
PP1 holoenzymes.

Because of its vital importance for PP1 binding, numerous
bioinformatics and biochemical analysis of the amino acid
composition of theRVxFmotif have been described (5, 6, 23, 39).
For instance, a biochemical RVxF motif analysis identified that
mGluR7b with K, H, and F in RVxFmotif positions 2, 4, and 5,
respectively, pulled down more PP1 than S, K, and W in these
same positions (39). This predicts that the RVxF motif of
spinophilin (RKIHF447-451) interacts more tightly with PP1 than
that of I-2 (KSQKW42-46). In line with this, our NMR spec-
troscopy data show that the RVxF motif of I-2 is released from
PP1 upon formation of PSI, while the RVxFmotif of spinophilin
remains bound to PP1. The same will likely hold true for other
heterotrimeric PP1 complexes, indicating that it may be possible
to predict which regulatory protein releases from the RVxF
binding site based on the RVxF sequences. Release of the RVxF
motif of I-2 fromPP1 increases the importance of the SILKmotif
in the formation of PSI. I-2 is one of the most ancient PP1
regulatory proteins, and the SILK motif is highly conserved
amongopisthokonts andamoebozoa (40). Therefore, it is predicted
that SILKmotifs are present in other PP1 regulatory proteins. So
far, seven additional PP1 regulators have been identified with a
SILK or SILK-like motif (5). Critically, these studies show the
SILK motif is an essential motif for anchoring regulatory
proteins to PP1, especially when other bindingmotifs, such as the
RVxF motif, are released or displaced. Additionally, our muta-
genesis data have also revealed the importance of residues
forming electrostatic interactions between the helix of I-2 and
PP1 for binding. As we have previously shown, mutations of
similar residues on spinophilin had no effect for the ability of
spinophilin to bind PP1 (9). This clearly lends further support to
our model in which I-2 displaces the helix of spinophilin during
formation of the PSI complex.

Our NMR and biochemical data show that the PSI complex is
highly dynamic. Using SAXS (1000’s of crystallization trials of
the PSI complex were unsuccessful), we generated anMESmodel
for the PSI complex, which provides the first insights into the
overall shape of the complex, including the influence of dynamics
on the flexible segments of I-2 and spinophilin. The MES model
contains five structures, each represented at similar populations
but with varying Rgs. The release of the RVxF motif of I-2 and
helix of spinophilin creates a heterotrimeric complex that con-
tains enhanced flexibility compared to the already dynamic
heterodimeric complexes. While it is currently unclear what role
this enhanced flexibility has, a possibility is that it could alter the
function of both spinophilin and I-2. For example, the enhanced
flexibility of the heterotrimeric complex creates a more extended
and flexible PDZ domain of spinophilin than in PS. This could
allow the PDZ domain to bind its targets more efficiently, or
create a larger substrate capture radius, in a model similar to
the proposed “fly casting” mechanism (41). Similarly, the more
extended nature of I-2 could also create new protein interaction
sites which were previously buried in the PI complex. Thus by
forming the heterotrimeric PSI complex, the best of both “PP1
worlds” is optimally combined: 1) PP1 targeting is mediated by
the multidomain protein spinophilin and 2) PP1 inhibition is
mediated by I-2, although I-2 most likely does not activate PP1
until “triggered” by outside inputs such as phosphorylation of
Thr-72 on I-2.
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