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Reversible phosphorylation of proteins is a delicate yet dynamic balancing act between kinases and phospha-
tases, the disturbance of which underlies numerous disease processes. While our understanding of protein ki-
nases has grown tremendously over the past decades, relatively little is known regarding protein
phosphatases. This may be because protein kinases are great in number and relatively specific in function, and
thereby amenable to be studied in isolation, whereas protein phosphatases are much less abundant and more
nonspecific in their function. To achieve subcellular localization and substrate specificity, phosphatases depend
on partnering with a large number of regulatory subunits, protein scaffolds and/or other interactors. This
added layer of complexity presents a significant barrier to their study, but holds the key to unexplored opportu-
nities for novel pharmacologic intervention. In this review we focus on serine/threonine protein phosphatase
type-1 (PP1), which plays an important role in cardiac physiology and pathophysiology. Although much work
has been done to investigate the role of PP1 in cardiac diseases including atrial fibrillation and heart failure,
most of these studies were limited to examining and manipulating the catalytic subunit(s) of PP1 without ade-
quately considering the PP1 interactors, which give specificity to PP1's functions. To complement these studies,
three unbiasedmethods have been developed and applied to themapping of the PP1 interactome: bioinformatics
approaches, yeast two-hybrid screens, and affinity-purificationmass spectrometry. The application of these com-
plementarymethods has the potential to generate a detailed cardiac PP1 interactome,which is an important step
in identifying novel and targeted pharmacological interventions.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Reversible phosphorylation of proteins is a process fundamental to
life, the dysregulation of which underlies numerous disease processes.
Whereas much attention has been paid to protein kinases in terms of
our understanding and development of pharmacologic interventions,
relatively little investment has beenmade to the investigation of protein
phosphatases, which play an equally important role in maintaining cel-
lular homeostasis. Thismay be partly due to the fact that protein kinases
are widely diverse and thereby specific in their subcellular localization
ne, One Baylor Plaza BCM335,
and substrate selection,which are of paramount importance to drug de-
sign considerations. For example, the human genome is thought to con-
tain at least 428 kinases that phosphorylate serine/threonine residues,
but only about 30 phosphatases that dephosphorylate the same resi-
dues [1]. In order to counteract the action of these kinases, protein phos-
phatases depend on combinatorial formation of holoenzymes where
the same catalytic subunit can partner with a large number of regulato-
ry (R)-subunits or interactors [1]. This added layer of complexity pre-
sents a significant barrier to their study but at the same time holds the
key to unexplored opportunities for novel pharmacologic intervention.
In this review we will focus on one particular serine/threonine protein
phosphatase, protein phosphatase type-1 (PP1), which is expressed
ubiquitously and has a wide range of cellular targets. In particular, we
will review the challenges encountered by previous studies of PP1 in
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cardiovascular diseases and the three major methods that have been
used in mapping the PP1 interactome.

2. Fundamental challenge in studying PP1

The PP1holoenzyme consists of a catalytic subunit (PP1c) and oneor
more R-subunits or interactors. Whereas all R-subunits are considered
interactors, not all interactors have been formally defined or renamed
asR-subunits although they are functionally the same. PP1c has four iso-
forms: PP1α and PP1β/δ are encoded by PPP1CA and PPP1CB, respective-
ly; PP1γ1 and PP1γ2 are splice variants of PPP1CC. Because these
isoforms all share a high degree of homology (Fig. 1), the spatial and
temporal specificity of the holoenzyme is largely dependent on their
R-subunits/interactors, although the isoforms themselves may also
drive these interactions and thereby influence substrate selection [2].
To date, close to 200 PP1 interactors have been identified with estimat-
ed hundredsmore to be discovered [3]. However, most prior studies fo-
cused primarily on quantifying and then manipulating the global PP1c
level and/or activity. Although such generalization is useful as an initial
approach, these studies are limited in scope and sometimes lead to con-
flicting results. In this section we discuss this concept by highlighting
PP1 studies in atrial fibrillation (AF) and heart failure (HF), which are
two areas of intense research focus in the field.

2.1. Atrial fibrillation

Atrial fibrillation is the most commonly encountered sustained ar-
rhythmia in the clinical setting, yet to date only a handful of studies
have investigated the role of PP1 in AF pathogenesis. In patients with
chronic AF, a number of studies have found an increase in the global
level and/or activity of PP1c [4–7]. However, instead of finding de-
creased phosphorylation across known PP1 targets, inhomogeneous
changes of target phosphorylation levels have been reported across dif-
ferent subcellular compartments [5]. For example, the phosphorylation
levels of myosin binding protein-C and of the L-type Ca2+ channel were
decreasedwhereas thephosphorylation levels of phospholamban (PLN)
and ryanodine receptor 2 (RyR2) were increased [4,5,8]. On the other
hand, in patients with paroxysmal AF, there is no significant change in
Fig. 1. Sequence alignment of human and mouse PP1 isoforms usin
the expression levels of PP1c [9], yet the phosphorylation of at least
one target protein, PLN, is increased [9,10]. Finally, in experimental AF
models, both unchanged PP1c levels with or without increased PP1c ac-
tivity have been reported, and again with inconsistent changes in the
phosphorylation of its known targets [6,8,11–14].

These apparent inconsistencies may be due to the fact that PP1 is
regulated at the level of its R-subunits/interactors, which underlie the
heterogeneity in protein phosphorylation patterns within
cardiomyocytes. With this in mind, our group sought to investigate
PP1's local regulation of RyR2, which is often dysregulated in cardiac ar-
rhythmias including AF [15]. Since PP1 is believed to be primarily
targeted to RyR2 via the R-subunit spinophilin (Ppp1r9b) [16], we stud-
ied the spinophilin knockout mouse and found a reduction in the asso-
ciation of PP1 with RyR2 by 70% while the global PP1 level was
unchanged [17]. At the whole animal level, this disruption of PP1's reg-
ulation of RyR2 also resulted in increased atrial ectopy and susceptibility
to pacing-induced AF [17]. This study demonstrated for the first time
that targeted disruption of PP1's local regulation could have profound
phenotypical consequences. Motivated by this study, we undertook a
large-scale unbiased study to map changes in PP1's interactome in the
setting of paroxysmal AF, discussed in a later section [9].

2.2. Heart failure

Several studies examined the role of PP1 in the pathogenesis of HF, a
major cause of mortality and morbidity worldwide. In 1997, Neumann
and colleagues found an increase in both the activity and mRNA levels
of PP1c in patients with HF secondary to idiopathic cardiomyopathy
[18]. Later, two other studies also found an increase in PP1 activity in
ratmodels of HF, albeit from different causes [19,20]. In order to explain
these findings, El-Armouche and colleagues reported that the protein
level and activity of inhibitor 1 (I-1, PPP1R1A), a potent inhibitor of
PP1c, are downregulated in HF [21]. However, this study found no dif-
ference in the protein level of PP1c among HF patients both from idio-
pathic cardiomyopathy and dilated cardiomyopathy [21].
Nevertheless, this study was corroborated by another study using a
dog model of HF in which I-1 level was decreased in the sarcoplasmic
reticulum, where key PP1 targets RyR2 and PLN reside [22]. Although
g Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).
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thismay explain the increase in PP1 activity and subsequent decrease in
PLN phosphorylation at Ser16, it does not explain the increase in RyR2
phosphorylation at Ser2814 during HF progression as reported by our
group [23].

In spite of these inconsistencies, the hypothesis of increased PP1 ac-
tivity driving HF development remained highly attractive, motivating
several groups to generate mouse models to either increase the overall
PP1 activity in order to induce HF or decrease its activity to protect
against HF. This was nicely demonstrated by Kranias and her group
who found that cardiac-specific overexpression of PP1c caused HF in
mice, whereas I-1 ablation caused impaired cardiac function without
overt HF at baseline [24]. Furthermore, they showed that expression
of a constitutively active I-1 (Thr35Aspmutant) rescued the phenotype
in myocytes isolated from HF patients [24]. In a follow-up study, cardi-
ac-specific expression of this active I-1 was associated with decreased
PP1 activity, increased PLN phosphorylation at both Ser16 and Thr17
(but no change in RyR2 phosphorylation at Ser2808 or troponin I phos-
phorylation), and augmented cardiac contractility with enhanced β-ad-
renergic response [25]. Importantly, when this mouse model was
subjected to transaortic constriction (TAC), hypertrophy was attenuat-
ed with no decompensation to HF. Furthermore, acute adenoviral gene
delivery of this active I-1 restored function and partially reversed re-
modeling in a rat model of HF [25]. In contrast, studies by El-Armouche
and others showed that cardiac-specific I-1 transgenic mice developed
cardiac hypertrophy and mild dysfunction, as well as a paradoxical or
compensatory increase in PP1 abundance and activity [26]. In addition,
conditional expression of a truncated constitutively-active I-1 or I-1
Ser67Ala mutant increased contractile function in young mice but was
associated with arrhythmias and cardiomyopathy after adrenergic
stress and with aging [27]. Although these opposite outcomes may be
due to differences between the structures and functions of the different
forms of I-1, they call into question whether increased PP1 activity is al-
ways detrimental.

Using a different approach to counteract the increased PP1 activity in
HF, Neumann and his group overexpressed a functional truncated form
of the PP1 inhibitor-2 (I-2, Ppp1r2) in mouse cardiomyocytes [28]. Total
PP1 activity was reduced by 80%, associated with an increase in PLN
phosphorylation at Ser16 but not Thr17, although PP1c protein level
was increased nearly 7-fold, presumably due to protection from degra-
dation via association with the excess (truncated) I-2. Phenotypically,
the mice showed enhanced cardiac contractility with no associated
morbidity and mortality. Compared to the PP1c transgenic mice which
developed HF, the PP1c and I-2 double mutant mice had normalized
PP1 activity, contractile function, heart size and histology, andmortality
rate [29]. In contrast, another study showed that transgenic micewith a
constitutively active form of I-2 developed worsening HF following TAC
associated with decreased PP1 activity [30]. The authors therefore con-
cluded that long-term inhibition of PP1 using I-2 is not a viable thera-
peutic option in the treatment of HF.

In summary, whereas a number of studies supported the notion that
increased PP1 activity contributes toHFdevelopment and that global in-
hibition by I-1 or I-2 may be therapeutic [24,25,28,29,31], a few studies
showed conflicting results [26,27,30,32]. These inconsistencies may be
partially explained by differences in experimental setup and the exact
molecular manipulation. However, the fundamental challenge faced
by these studies lies in the fact that PP1 is not a single enzyme but an in-
tegral part of an extensive interactome with a large number of
interactors and targets, which are part of numerous pathways (Fig. 2).
Therefore, a more detailed understanding of the PP1 interactome and
its key interactors is essential to dissect PP1's precise role in the healthy
and diseased heart.

3. Mapping the PP1 interactome

To date close to 200 PP1 interactors have been identified. These
interactors are diverse in their sizes, structures, and functions, but
share a number of PP1-docking motifs, the most common of which is
the short sequence of Arg-Val-x-Phe (RVxF; where x denotes any resi-
due) [3]. The RVxF motif is present in the vast majority of known PP1
interactors and binds to a hydrophobic channel on PP1 that is remote
from its catalytic site (Table 1) [3,33,34]. Besides RVxF there are at
least 8 other known motifs, which are uncommon among the known
PP1 interactors, but may act in combination with one another [3]. The
discovery of these interactors has drastically accelerated over the past
decade through a concerted effort of studies using large-scale, unbiased,
and complementary methods. In this section we will critically review
the three main methodologies that have contributed significantly to
the mapping of the PP1 interactome. These are bioinformatics ap-
proaches, yeast-two-hybrid (Y2H), and affinity-purification mass spec-
trometry (AP-MS).

3.1. Bioinformatics

The RVxF motif was defined for the first time in 1997 by Egloff and
colleagues who reported the crystal structure of PP1c in complex with
a peptide from a known PP1 R-subunit, GM [33]. Later, thismotif was re-
fined byWakula and colleagues with drastically improved sensitivity in
discovering new PP1 interactors but at the cost of decreased specificity
[34,35]. An alternative definitionwas developed byMeiselbach and col-
leagues, which had a 10-fold higher specificity than the Wakula defini-
tion but with a low sensitivity [35,36]. In 2009, Bollen and his group
combined the sensitive Wakula definition and the specific Meiselbach
definition to screen for putative PP1 interactors in silico [37]. Moreover,
since the RVxF motif is known to be present in a flexible loop [33] and
the fact that PP1 is an intracellular protein, they excluded proteins
where the RVxF motif is in a globular domain or an extracellular or
transmembrane domain [37]. These stringent criteria yielded 115
novel candidate interactors although it filtered out I-2, which has an
RVxF motif that does not conform to the definitions, and possibly
other unknown interactors. They validated 78 of these interactors by
pull-down assays using PP1c and His-tagged fragments of the putative
interactors expressed in bacteria. Using phosphorylase assay they also
showed that 49 out of the 78 exhibited inhibitory effects on PP1c [37].
Altogether, this study doubled the then known PP1 interactome from
65 to 143 interactors. In 2013 this number reached 189 as reviewed
by Bollen and his group [3]. Based on these interactors, the authors de-
scribed the PP1 binding code as a “molecular-lego strategy” consisting
of 9 different PP1 docking motifs working in combination to give rise
to a vast number of specific interactions. These 9 docking motifs are
RVxF (the most common motif), SILK, MyPhoNE, SpiDoC, IDoHA,
RNYF, BiSTriP, pseudosubstrate, and AnkCap [3].

By leveraging the power of bioinformatics, these studies have drasti-
cally increased our knowledge of the PP1 interactome. However, there
are two limitations inherent to this general approach. First, the bio-
chemical validations are carried out in artificial systems and sometimes
with protein fragments, which may lead to false positive results. And
even if two proteins can interact, it does not mean that they do interact
in their native cellular environment. Second, the prediction of novel
interactors depends on knowledge of previous interactors. In other
words, it is based on the characteristics of the previously validated
interactors that the searches for new interactors are carried out. It is
conceivable, however, that there are entire new classes of interactors
that do not harbor any of the known motifs but instead interact via en-
tirely different mechanisms. If so the current bioinformatics approach
will be unable to predict their existence without at least some prior
knowledge, which must be derived from complementary approaches
such as the ones discussed below.

3.2. Yeast two-hybrid

The Y2H system was first described by Fields and Song in 1989 and
has become a major contributor to our knowledge of protein-protein



Fig. 2. The cardiac PP1 interactome.
Modified from Chiang et al. [9] and incorporated data from various studies as well as from the Human Protein
Atlas (http://www.proteinatlas.org/). All known PP1 regulatory (R)-subunits or interactors (yellow) in the
heart are listed in Table 1.
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interactions. Y2H screens are scalable, relatively inexpensive, and easy
to implement. Importantly, they interrogate binary interactions with
high fidelity, which is important in teasing apart primary from second-
ary and tertiary interactions common in protein complexes [38]. One
particular database, the CCSB Human Interactome Database (http://
interactome.dfci.harvard.edu/H_sapiens/index.php), includes data
from several large-scale Y2H screens and curation of 7 other databases,
and thereby serves as an invaluable tool in studying any protein interac-
tome including the PP1 interactome. Searches done for PP1α (PPP1CA),
PP1β/δ (PPP1CB), and PP1γ1/2 (PPP1CC) found 83 unique interactors
that bind to at least 1 of the PP1c isoforms (Table 2). This is a much
shorter list compared to the list of 189 reviewed by Bollen and his
group in 2013 [3], and only 52 of these 83 interactors were included
on that list, suggesting a significant discrepancy between the ways
these lists were compiled. In addition, only 9 of these 83 interactors
were directly identified from the large-scale Y2H screens whereas the
vast majority was curated from the other databases, suggesting that
the large-scale screens have very low sensitivity.

Besides these large-scale screens, a number of studies have
employedmore targeted screens using one ormore of the PP1c isoforms
as bait. These include screens done in Drosophila [39], human brain [40,
41], human testis [42], and mouse testis [43,44], among others [38].
Only one group has published studies utilizing Y2H in investigating
the PP1 interactome in the heart [45,46]. Huang and his group used a
rabbit PP1α as bait to screen a human heart cDNA library and found 8
potential interactors although they only reported 2, both of which
were novel proteins, and validated their interaction with PP1 using
co-IP, GST pull-down assays, and site-directed mutagenesis [45,46].
The authors named the first interactor PP1 F-actin cytoskeleton
targeting subunit or phostensin (PPP1R18), and found that it co-local-
ized with F-actin and could therefore play a role in targeting PP1c to
the F-actin cytoskeleton [45]. The second interactor was named Hepp1
for heart PP1-binding protein and its mRNA was found exclusively in
heart and testis by Northern blot [46]. When the catalytic activity of
PP1α was probed in the presence of I-1 and I-2, Hepp1 antagonized
the inhibition of both phospho-I-1 and I-2 and non-significantly in-
creased PP1α's activity on its own [46]. Using PP1 co-immunoprecipita-
tion (IP) followed byMS, we also found an interaction between PP1 and
phostensin in bothmouse ventricles and human atria but did not detect
Hepp1 [9]. In any case, the precise functional roles of these proteins in
the heart will need to be explored and defined by future studies.

Although Y2H is a powerful tool in studying protein-protein interac-
tions, the contributions of both large-scale and targeted screens to our
understanding of the PP1 interactome have been somewhat limited.
This is likely due to the low sensitivity of these screens, secondary to a
number of intrinsic limitations. These include potential alterations in
the tertiary structure of proteins from fusion with the yeast transcrip-
tion factor, non-native environment where the interaction takes place
(yeast nucleus), and toxicity of some proteins to the yeast cell [38]. Al-
though some of these may be circumvented with newer iterations of
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Table 1
Known cardiac PP1c interactors as depicted in Fig. 2 and their RVxF motifs.

Name Alternate name(s) RVxF motif Start position

PPP1R1A I-1 RKIQF 8
PPP1R2 I-2 KSQKW 43
PPP1R3A RGL, GM RRVSF 62
PPP1R7 SDS22 – –
PPP1R8 NIPP1 SRVTF 199
PPP1R9B Spinophilin, Neurabin-II RKIHF 445
PPP1R12A MBS, MYPT1 TKVKF 34
PPP1R12C MBS85 RTVRF 45
PPP1R18 Phostensin LKISF 538
PPP1R39 HEPP1, SH3RF2 KTVRF 98
CSDA YBX3 – –
PDE5A MQVGF 816
Yotiao AKAP-9 DKVSF 1063
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the Y2H system, the fact that these systems are artificial will always be
an inherent limitation to our understanding of protein interactions in
their native environment. Nevertheless, Y2H remains a powerful tool
especially when used in conjunction with complementary methods
such as AP-MS.

3.3. Affinity-purification mass spectrometry

In recent years, AP-MS has increasingly been employed for themap-
ping of protein interactomes. This rapid growth in application is partly
due to advances in both affinity-purification strategies and tandem
MS. The basic work-flow involves 1) the purification of target protein
complexes using some kind of affinity-based biochemical methods
such as antibody-capture with or without a resin column, 2) separation
of the protein complexes on 1D or 2D gel, and 3) digestion of the sepa-
rated proteins and analysis by MS. One major advantage of AP-MS is
scalability, since it can be performed on as many proteins as can be
tagged and expressed or immunoprecipitated directly, although the dy-
namic range of protein identification by the MS becomes a limiting fac-
tor. Another important advantage is that AP-MS identifies not only
binary interactions but also entire protein complexes, in which most
proteins normally exist and function. When applied to the mapping of
PP1 interactome, AP-MS has the potential to quantitatively monitor dy-
namic changes under different physiological or pathological conditions.
In addition, AP-MS has the ability to identify and quantify post-transla-
tional modifications such as phosphorylation, which may be of particu-
lar interest in mapping the PP1 interactome.

To date a good number of studies have applied the principles of AP-
MS in studying the PP1 interactome [42,47–52]. Due to the lack of a
good IP antibody for PP1c, several groups first tagged PP1c, such as
with protein-A [47] or EGFP [48], in exogenous expression systems be-
fore purifying it and using it to pull-down interactors. To better mimic
endogenous PP1c expression and localization, one group created
knock-in alleles of doubly-tagged PP1c in embryonic cell lines before
purifying the PP1 complexes with specific resins. However, they only
identified 11 putative PP1 interactors, 9 of which were already known
[51]. Instead of tagging PP1c, another group captured PP1c directly
using different Sepharose columns before either competitively
displacing the interactors off using a RVxF-based peptide [49] or incu-
bating with lysates from another source before eluting everything off
of the column for MS analysis [50]. Unfortunately, all these studies
were limited by exogenous expression, non-native interaction environ-
ment and/or a modified (tagged) PP1c. To circumvent these limitations,
Alcazar and his group directly immunoprecipitated PP1α and PP1γ
from rat brain lysates under different physiologic stresses and analyzed
their interactors with 2D gel andMS. [52] The authors identified 14 PP1
interactors that exhibited significant changes in their association with
PP1α or PP1γ in response to ischemia-reperfusion or ischemic toler-
ance. A similar approach was used in human sperm where PP1γ2 was
immunoprecipitated followed by gel separation and MS although only
7 proteins were identified [42]. As a variation of AP-MS, these two IP-
MS studies directly captured endogenous PP1c from tissue lysates, and
thus were able to preserve native interactions to a greater extent. The
success of such approach depends on the existence of high-affinity
and high-specificity IP antibodies in order to adequately and specifically
pull-down PP1 complexes. However, both studies were limited by lack
of a proper negative control.

With these studies and their limitations inmind, our group conduct-
ed a similar but larger-scale study based on IP-MS, with the aim to 1)
capture as many endogenous PP1 complexes as possible directly from
primary tissues, 2) quantify these interactionswith PP1c using high res-
olution MS, and 3) measure changes in these interactions in diseased
state [9]. As mentioned earlier, one limiting factor faced by IP-MS is
the inadequate capturing of the bait since there is not always a good an-
tibody, thus forcingmany studies to using a tagged PP1c in vitro instead.
After testing a number of commercial antibodies and several homogeni-
zation methods, we identified a strong IP antibody for PP1α and
established a robust co-IP protocol which was then coupled to state-
of-the-art nanoscale liquid chromatography followed by tandem MS
for increased sensitivity and dynamic range. This allowed us to quantify
135 and 78putative PP1c interactors frommouse and human cardiac ly-
sates, respectively, whichweremany timesmore than all previous stud-
ies. Also, our methodology was validated by the fact that we captured a
large number of known R-subunits (the most identified in a single AP/
IP-MS experiment, to the best of our knowledge).Moreover, a large per-
centage of the putative interactors contained 3 common PP1c docking
motifs (RVxF, SILK, and MyPhoNE). Finally, we applied our method to
studying atrial samples from patients with paroxysmal AF or in sinus
rhythm and found alterations in the interaction between PP1c and
PPP1R7, cold-shock domain protein A (CSDA), and phosphodiesterase
type-5A (PDE5A). Together this study offered a straight-forward proto-
col for high resolution mapping of the PP1 interactome directly from
primary tissues, as well as doubled the known cardiac PP1 interactome
(Fig. 2).

The AP/IP-MS approach promises great contribution to our under-
standing of the PP1 interactome, although it has its limitations. First, it
will always be limited by available reagents such as antibodies. Al-
though we were fortunate to find a strong PP1α IP antibody, it never-
theless has cross-reactivity to the other PP1 isoforms, due to their high
degree of homology (Fig. 1). Second, because MS is highly sensitive
and therefore able to identify hundreds of proteins in complexes, a ro-
bust AP/IP-MS experiment requires good and proper controls in order
to distinguish true positive from false positive hits. Finally, MS is in gen-
eral more expensive to implement and requires expertise in both in-
strumentation and data analyses, which may pose a significant barrier
to research groups.

Ultimately, it is the complementation of bioinformatics, Y2H, and
AP-MS (among others) that hold the greatest potential in mapping the
PP1 interactomewith high resolution and fidelity. One recent study im-
plemented all three methods in an effort tomap the PP1 interactome in



Table 2
PP1c interactors as found in the CCSB Human Interactome Database (searched on July 31,
2016). Brackets indicate thenumbers of proteins that had a positive hitwith the respective
PP1c isoforms from the database. The last column cross-references the lists from the data-
basewith the list of 189 vertebrate PP1c interactors reviewed byHeroes and colleague [3].

Unique (83) PPP1CA (62) PPP1CB (15) PPP1CC (44) Heroes et al. [3] 

(52)

APAF1

ATM

AURKB

BAD

BCL2

BCL2L1

BIRC5

BRCA1

C15orf59

C1QA

CASC5

CCND1

CCND3

CD2BP2*

CDC34

CDH1

CDK1

CDK2

CDK4

CDKN2A

CEP192

CHCHD3

CNST

COPS5

CSRNP1*

CSRNP2*

DLG3

ELL

ESR1

HDAC6

KANK1

LMTK2

MAX

MPHOSPH10

NEK2

PCNA

PHACTR1

PHACTR3

PPP1R10

PPP1R12A

PPP1R13B

PPP1R13L

PPP1R15A

PPP1R15B

PPP1R16A*

PPP1R18

PPP1R2

PPP1R26

PPP1R27

PPP1R2P3*

PPP1R32

PPP1R37

PPP1R3C*

PPP1R7

PPP1R8

PPP1R9A

PPP1R9B

PTEN

RANBP9

RB1

RIF1

SFI1

SFRP1

SH2D4A*

SH3RF2

SKP1

SPRED1

STAU1

SYTL2

TCTEX1D4

TMEM132D

TOR1AIP1

TP53

TP53BP2*

TPRN

TRPC4AP

TSC2

VDR

WBP11

WNK1

YLPM1

ZFYVE1

ZFYVE9*

* Interactors that were identified directly from large-scaled Y2H screens and not curated 

from other databases.
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the malaria parasite Plasmodium falciparum [53]. Although this study
used all three methods, the overlap between the hits from the different
methods was quite poor, mainly due to the fact that their AP-MS proto-
col yielded too few putative interactors (only 6). Ideally, a work-flow
will begin with a large-scale AP/IP-MS screen for endogenous PP1 com-
plexes followed by targeted Y2H experiments to map the binary
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interactions among the proteins, and finally analyzed using bioinfor-
matics both retrospectively (e.g. confirming presence of knownmotifs),
and prospectively (e.g. building new motifs to search for novel
interactors).

4. Summary and future directions

Although much effort has already beenmade to understand the PP1
interactome, muchwork remains to be done especially in the context of
the cardiac system. Once a robust cardiac PP1 interactome is
benchmarked, investigation to understand its pertubation in disease
and identification of novel therapeutic strategies can quickly advance.
One promising example of this concept comes from a study that used
guanabenz, a small molecule, to specifically disrupt the binding be-
tween PP1c and PPP1R15A (aka. GADD34) [54]. This disruption de-
creased PP1's dephosphorylation of the α-subunit of translation
initiation factor 2 during stress, leading to modulation of protein pro-
duction rates and cellular rescue from protein misfolding stress [54].
As this is a common mechanism underlying a number of diseases, this
strategy of targeting a specific PP1 interaction holds great therapeutic
potential.

To achieve this ultimate goal, several milestones need to be reached
(but not necessarily sequentially). First, although there are some recog-
nition of the differences between the PP1c isoforms in terms of their
interactors and functions [2], sufficiently detailed and comprehensive
information is missing to confidently delineate and compare their mul-
tifarious roles. This may be difficult to accomplish due to the limitations
with reagents and the inherent similarity among the isoforms, although
recent studies have made significant advances in this regard [55,56].
Second, efforts must be made to validate interactors in the literature
that do not have strong evidence behind their interaction with PP1c
(e.g. two or more stringent orthogonal biochemical methods). This
will help filter out false positive results which may hinder or slow
down future efforts. Third, besides seeking to understand the primary
interactors of PP1, it is equally important to identify its downstream tar-
gets and secondary/tertiary interactors in order to place PP1 into dis-
tinct regulatory pathways relevant to cellular physiology. For this the
combination of AP/IP-MS and Y2Hmethods may be very useful. Fourth,
once such networks are constructed, methods ofmodulating local inter-
actions between PP1c and its interactorsmust be developedwhilemon-
itoring their effects on the rest of the interactome. Even though these
are ambitious undertakings which require much investment of time
and resources, they are attainable through our concerted efforts and
will greatly advance both the cardiac field and science in general.
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