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Abstract
The study of arrestins as regulators of seven transmembrane receptor (7TMR)
signaling has revealed multiple levels of complexity, initiating desensitization of G
protein activity and coordination of receptor internalization via clathrin‐coated pits.
Recently, β‐arrestins have also been shown to act as adaptor proteins, mediating G
protein‐independent signaling as well as scaffolding of enzymes that degrade second
messenger molecules. This latter function was demonstrated by β‐arrestins recruiting
PDE4 phosphodiesterase to Gs‐coupled β2‐adrenergic receptors, enhancing metabolism
of the second messenger cAMP. As β‐arrestins universally interact with members of the
7TMR superfamily, we sought to determine if this phenomenon of concerted
desensitization might be applicable to additional receptor subtypes.

We screened for β‐arrestin‐binding proteins among modulators of diacylglycerol
and IP3 (second messengers downstream of Gq‐coupled 7TMRs). We observed β‐
arrestins constitutively interacted with members of the diacylglycerol kinase (DGK)
family, which phosphorylate diacylglycerol to create phosphatidic acid. Furthermore,
examining lipid extracts of 32P labeled cells separated by TLC, we observed that
overexpression of β‐arrestin enhanced phosphatidic acid (PA) production after M1
muscarinic receptor stimulation. Conversely, depletion of β‐arrestins by RNA
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interference showed significantly decreased agonist‐stimulated PA accumulation.
Additionally, overexpression of a β‐arrestin2 mutant that binds DGKs but not receptors
served as a dominant negative for agonist‐dependent DGK activity. These results
demonstrate a requirement for β‐arrestins in DGK translocation to the membrane, and
specifically to activated 7TMRs, where concentrations of second messengers are at their
highest.

Phosphatidic acid is an effector for several enzymes, including the
phosphatidylinositol 5‐kinases (PIP5K), which phosphorylate PIP to make PIP2. Thus,
we hypothesized β‐arrestin‐targeted DGKs may regulate PIP5K activity. PIP5K Iα
associated with β‐arrestin2 in an agonist‐dependent manner in HEK293 cells, and a β‐
arrestin2 mutant defective in receptor endocytosis (a PIP2‐dependent function) was
impaired. Furthermore, knockdown of β‐arrestin2 by RNAi significantly decreased the
amount of PIP5K Iα detected in receptor immunoprecipitates. In TLC assays,
overexpressing both β‐arrestin2 and PIP5K Iα enhanced agonist‐stimulated PIP2
labeling, while either protein alone had no effect. These data support the concept of β‐
arrestin binding to 7TMRs and enriching local membrane concentrations of PA, which
then stimulates production of PIP2, promoting receptor internalization.
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1. Introduction
1.1 Conventional Seven Transmembrane Receptor Signaling
The ability to sense and adapt to the surrounding environment is arguably the
most fundamental requirement for maintaining homeostasis in all living beings. For a
cell to thrive in changing surroundings it must be able to convert extracellular cues to
intracellular responses and for eukaryotic cells, many of these signals are transduced
across the plasma membrane by seven transmembrane receptors (7TMRs). The 7TMRs
are integral membrane proteins defined by seven α‐helical membrane‐spanning
segments and comprise the largest group of mammalian cell‐surface receptors with
nearly one thousand members [1, 2]. This receptor superfamily is responsive to widely
varying stimuli, including hormones, neurotransmitters, odorants and light. Despite this
diversity, these receptors demonstrate fundamentally conserved signal transduction
processes. In response to agonist stimulation the 7TMR alters its intracellular
conformation to promote activation of one or more heterotrimeric guanine nucleotide
binding proteins (G proteins). The association of a G protein with a 7TMR (also known
as a G protein coupled receptor or GPCR) causes the Gα subunit to exchange its bound
GDP molecule for GTP [3‐5]. This new conformation leads to dissociation of the inactive
G protein heterotrimer producing a free Gα subunit and Gβγ heterodimer. Both Gα and
Gβγ are capable of interacting with specific effector proteins to stimulate the generation
1

of second messenger molecules involved in intracellular signaling cascades (Figure 1‐1)
[6‐11]. This chain of transduction also promotes signal amplification, as each step is
catalytic: one agonist‐occupied receptor can activate multiple G proteins leading to
exponential amplification at the levels of G protein effectors and second messengers.

While their composition in vivo is combinatorially complex, with 21 Gα, 6 Gβ,
and 12 Gγ subunits reported to be expressed in human cells, G proteins are typically
classified into four groups based on α subunit sequence homology: Gs, Gi, Gq, and G12/13
(Table 1) [4]. Classically, Gs stimulates the family of adenylyl cyclase (AC) enzymes,
producing 3’‐5’ cyclic adenosine monophosphate (cAMP), whereas Gi is inhibitory for
adenylyl cyclase activity, thus, lowering intracellular cAMP concentrations [12]. Because
cAMP is an allosteric modulator of protein kinase A (PKA), among other enzymes, the
activation of Gs and Gi by 7TMRs impacts a host of cellular processes dependent on tonic
and agonist‐stimulated PKA phosphorylation. For 7TMRs that couple to Gq, signal
transduction proceeds through the stimulation of phospholipase C (PLC) and hydrolysis
of phosphatidylinositol 4,5‐bisphosphate (PIP2) to produce the second messengers
inositol 1,4,5‐trisphosphate (IP3) and diacylglycerol (DAG) [13, 14]. The increase DAG
concentration in the plasma membrane and the IP3‐dependent release of Ca2+ from the
endoplasmic reticulum are required events for the activation of protein kinase C (PKC)
and protein kinase D (PKD) [15, 16]. Finally, the G12/13 family of G proteins is most often
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associated with activation of the small GTPase protein Rho through the guanine
nucleotide exchange factor p115RhoGEF, thereby influencing actin cytoskeletal
dynamics and cell adhesion [17].

Table 1‐1: Classification and Signaling Pathways of G proteins

Gs

Gi

Gq/11

G12/13

Gαs, Gαolf

Gαi, Gαo, Gαt,
Gαgust, Gαz

Gαq, Gα11,
Gα14, Gα15

Gα12, Gα13

Primary Effectors

AC ↑

AC ↓,
PLC ↑ (via Gβγ)

PLC ↑

p115RhoGEF,
PDZ-RhoGEF

Small Molecule
Second Messengers

cAMP

IP3, DAG

Secondary Effectors

PKA

PKC, PKD

Gα Subunits

3

Rho

Figure 1‐1: Conventional Seven Transmembrane Receptor Signaling. The binding of a
specific ligand to the extracellular face of its cognate receptor (Upper panel) causes an
alteration in the intracellular 7TMR conformation, represented by a change from R to R*.
This “active” conformation then couples with one or more heterotrimeric G proteins
(Middle panel) and promotes the exchange of GTP for GDP on the α subunit. This
nucleotide exchange dissociates Gα from Gβγ (Lower panel), both of which are then free
to activate effector proteins such as adenylyl cyclase or phospholipase C, triggering
signaling cascades.
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Figure 1‐1: Conventional Seven Transmembrane Receptor Signaling
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Ultimately the physiological consequences of G protein coupled receptor
signaling is the sum of these signaling events. Adrenaline stimulation of adrenergic
receptors in the heart promotes increases in heart rate and stroke volume. Release of
inflammatory cytokines from sites of irritation or infection causes migration of white
blood cells into the affected area. Neurotransmitters such as serotonin bind to their
cognate receptors in neurons to trigger an electrochemical action potential. These are
only a few examples of how activation of 7TMRs and G proteins lead to physiological
responses [18‐20]. Signaling pathways for processes such as cell growth, cell death,
metabolism, membrane ion permeability, nucleic acid transcription, protein translation,
and many more can also trace their initiation to stimulation of a 7TMR. Yet, as important
as activation of these pathways is for initiating physiological responses, these signals
must also be able to be turned off to maintain homeostasis.

1.2 Regulation of 7TMR Signaling Pathways
Termination of signal transduction cascades and proper regulation of cellular
responses to stimuli are fundamentally essential for cellular function. Conceptually, a
7TMR can be thought of as a molecular switch, turning on signaling in response to
agonist. Before the system can be made to respond to a subsequent stimulus, the signals
must be turned off and the switch reset. Failure to keep these signaling pathways in
check also leads to undesirable physiological consequences including uncontrolled cell
6

growth and tumorigenesis [21], vascular hypertrophy [22], and heart failure [22, 23].
Inactivation of G proteins, degradation of second messengers and terminating receptor
activation are all critical for proper cellular function.

1.2.1 Regulation of G protein Activity
Early studies of G proteins revealed an absolute requirement for GTP in the
agonist‐dependent increase in intracellular second messenger concentrations as well as
the fact that the phosphorylation state of the Gα‐bound guanine nucleotide governed
this activity (Reviewed in [4, 5]). The GTP‐bound Gα actively enhanced second
messenger generation and was dissociated from Gβγ, while the GDP‐bound protein was
observed as an inactive heterotrimer. As discussed above, the agonist‐occupied 7TMR
conformation promotes the incorporation of GTP and G protein activation. The
mechanism controlling the conversion of GTP to GDP, and thus the determinant of G
protein deactivation, is the intrinsic GTPase activity of the α subunit. Following
activation, the Gα begins the process of its own deactivation by cleaving the terminal
phosphate bond of GTP. The GDP‐bound Gα then re‐associates with free Gβγ subunits,
reforming an inactive complex.

However, while this process is sufficient for G protein inactivation, the
Regulators of G protein Signaling (RGS) proteins greatly enhance the GTPase activity
7

and further accelerate G protein silencing. Studies with recombinant proteins in vitro
have shown many RGS family members increase Gα catalytic activity by 40 fold over
basal or more [24, 25]. Furthermore, in response to 7TMR stimulation, multiple members
of the RGS family are known to increase their expression levels. RGS1 [26], RGS2 [27],
and RGS16 [28] have been shown to induce protein translation after treatment of cells
with the 7TMR agonists platelet activating factor, angiotensin II (ATII), and carbachol
(CBC) respectively. This phenomenon constitutes a negative feedback loop; a common
theme in receptor biology in which stimulation of a signaling pathway ultimately leads
to signal termination via downstream effectors.

1.2.2 Metabolism of Second Messenger Molecules
Unlike the autocatalytic G proteins, most second messenger molecules require
specific enzymes for inactivation. Traditionally the prototypical second messenger
molecule of research, cAMP produced via Gs activation of adenylyl cyclase is degraded
by the family of cyclic nucleotide phosphodiesterases (PDEs) [29, 30]. The PDEs
enzymatically break the cyclic ring of cAMP to produce adenosine monophosphate
(AMP), which does not activate PKA or other cAMP effectors and has minimal
biological activity. Furthermore, some PDE isoforms are targeted to specific subcellular
localizations by virtue of interactions with signaling and adaptor proteins [31, 32]. The
heterologous distribution of metabolizing enzymes allows for microdomains of this
8

second messenger, with the highest concentrations of cAMP localized at the membrane
proximal to active AC [32, 33]. Thus, the amplitude and duration of cAMP signaling
within a given cell, or even in a given microdomain, depends on the interplay between
ACs and PDEs.

For 7TMRs that couple to Gq, second messenger degradation is an even more
intricate process than the pathway for Gs‐coupled receptors because the action of PLC
produces two bioactive molecules (IP3 and DAG) instead of one (cAMP). Once the IP3
headgroup is cleaved from its lipid counterpart, it diffuses through the cytoplasm until
it binds IP3 receptors integrated into the endoplasmic reticulum [34]. This interaction
triggers a burst of Ca2+ efflux, altering the activities of calcium sensitive effectors such as
calmodulin and calcineurin [35, 36]. The main route of IP3 clearance is via sequential
dephosphorylation to myo‐inositol followed by re‐incorporation into inositol lipids
through the phosphoinositide cycle [37]. Alternatively, IP3 can be further
phosphorylated by inositol polyphosphate kinases to yield higher order inositol
phosphates such as IP4, IP5, and IP6 [38]. These inositol phosphate species no longer
initiate calcium release, but rather, serve as signaling molecules in other cellular
processes.

9

The main pathway of DAG metabolism is phosphorylation by the family of
diacylglycerol kinases [39, 40]. To date, ten isoforms of mammalian DGK have been
identified, including the recently discovered DGKκ [41]. All isoforms have at least two
cysteine‐rich C1 domains, homologous to the C1A and C1B motifs of protein kinase C,
and a conserved catalytic domain. Further classification of DGKs into five subtypes is
based on the presence of additional functional domains [42]. These enzymes are
predominantly cytoplasmic, and translocate to the plasma membrane upon stimulation
of many receptor types, including 7TMRs [43‐45].

The reaction catalyzed by all DGKs is the ATP‐dependent creation of
phosphatidic acid through phosphorylation of the sn‐3 position of DAG. The growing
recognition of PA as an effector molecule in its own signaling pathways has elevated the
roles of DGKs beyond simply antagonizing DAG signaling. PA influences vesicle
trafficking, promotes translocation of Raf to the plasma membrane, and affects the
activity of multiple enzymes including type I phosphatidylinositol 5‐kinases [46, 47],
PKCζ [48], and small GTPase proteins [49]. In many cases, the DGKs also physically
associate with these targets, implicating the DGKs as the relevant PA source [47, 49].
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1.2.3 Homologous and Heterologous Desensitization of 7TMRs
For the 7TMRs themselves, two pathways exist to quench or desensitize receptor
activity. These pathways known as heterologous and homologous desensitization are
classified based on their specificity for agonist‐occupied receptors [1, 50]. Heterologous
desensitization is the hyporesponsiveness of multiple 7TMR species in response to a
single agonist. This process relies on a negative feedback loop where receptors are
phosphorylated by the second messenger kinases PKA and PKC. As discussed above,
7TMR stimulation can increase the intracellular concentrations of cAMP (Gs‐coupled
receptors) or calcium and diacylglycerol (Gq‐coupled receptors), which activate PKA and
PKC, respectively. These kinases subsequently phosphorylate serine and threonine
residues on a large number of 7TMRs (typically in the C‐terminal tail, or second and
third intracellular loops), negatively affecting receptor‐G protein coupling (Figure 1‐2,
upper panels). In vitro reconstitution experiments have demonstrated either PKA or
PKC phosphorylation of the β2‐AR decreases its ability to couple to Gs by over 40% [51,
52]. This method of feedback inhibition affects both agonist‐occupied, as well as
unoccupied receptors containing consensus PKA‐ or PKC‐dependent phosphorylation
motifs, leading to a generalized decrease in responsiveness after an initial agonist
treatment.

11

In contrast to non‐specific heterologous desensitization, homologous
desensitization silences only agonist‐occupied 7TMRs in a highly conserved, two‐phase
manner. Typically, the agonist‐occupied 7TMR is phosphorylated on serine and
threonine residues in the C‐terminal tail and intracellular loops by the G protein‐
coupled receptor kinases (GRKs) [50, 53]. However, GRK phosphorylation alone only
attenuates 7TMR signaling between 0‐30% depending on specific receptor and cell type
[54‐56]. The second phase of homologous desensitization is the stoichiometric binding of
arrestin proteins to GRK phosphorylated 7TMRs. This phenomenon is not merely a
result of general receptor phosphorylation: arrestins have shown a 100‐fold preference
for GRK‐phosphorylated β2‐ARs over those phosphorylated by PKA as measured by G
protein coupling assays [57]. Binding of arrestins sterically occludes the sites of receptor‐
G protein interaction; decreasing G protein activation by up to 80% and limiting the
7TMR’s responsiveness to repeated stimulation (Figure 1‐2, lower panels) [52, 54]. This
mechanism is utilized by virtually the entire 7TMR superfamily, regardless of the G
proteins activated by the receptors.

The versatility of the GRKs and arrestins is all the more remarkable when
considering the extremely small number of proteins carrying out the process of
desensitization. Of the seven‐member GRK family in humans, GRK1 (also known as
rhodopsin kinase) and GRK7 are exclusive to phototransduction pathways, while GRK4

12

Figure 1‐2: Mechanisms of Heterologous and Homologous Desensitization.
Heterologous desensitization dampens multiple 7TMR species in response to agonist
stimulation through second‐messenger kinases such as PKA and PKC. In this example,
stimulation of a β2 adrenergic receptor (β2AR) with isoproterenol (Iso) dissociates the
heterotrimeric Gs protein (Upper left panel). Gαs activates adenylyl cyclases, raising
intracellular cAMP concentrations, which increases the activity of PKA. As many 7TMRs
contain consensus PKA phosphorylation sites, both the ligand occupied β2AR and non‐
stimulated receptor, in this case the histamine H‐1 receptor (H1R) [58], are inhibited by
this negative feedback mechanism (Upper right panel). In contrast, homologous
desensitization is selective for 7TMRs in a ligand‐induced active conformation. Using
the same model system, Iso stimulation leads to β2AR phosphorylation by one or more
GRK proteins (Lower left panel), but not phosphorylation of the inactive H1R. β‐arrestin
then translocates to the plasma membrane where it preferentially interacts with the
agonist‐stimulated phospho‐7TMR species, thereby occluding sites of G protein
activation (Lower right panel).
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Figure 1‐2: Mechanisms of Heterologous and Homologous Desensitization
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shows a somewhat limited expression profile, leaving the widely expressed GRKs
(GRK2, 3, 5 and 6) responsible for the majority of agonist‐stimulated 7TMR
phosphorylation [53, 59]. As with the GRKs, two of the four arrestin isoforms, visual
arrestin and x‐arrestin, are largely restricted to the rods and cones of the retina
respectively [60, 61]. The ubiquitously expressed β‐arrestin 1 and β‐arrestin 2 mediate
homologous desensitization in all other human cell types. Furthermore, it is now
appreciated that β‐arrestins also serve as multi‐purpose scaffolding proteins for many
intracellular signaling pathways in addition to antagonizing G protein signaling.

1.3 β-arrestins: Beyond 7TMR Desensitization
In addition to their traditional role in homologous desensitization, recent studies
have shown β‐arrestins serve as adaptor proteins, enhancing signaling efficiency by co‐
localizing enzymes with their activators in multi‐protein complexes or targeting proteins
to specific subcellular locations [2, 62]. The list of non‐receptor binding partners for β‐
arrestin continues to grow, with receptor sequestration, signaling cascades,
ubiquitination, and second messenger metabolism pathways all scaffolded by β‐arrestin
(Table 1‐2).
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Table 1‐2: Partial List of Novel β‐arrestin Binding Partners. This figure contains many
of the published non‐G protein coupled receptor proteins interacting with β‐arrestin 1
and 2. Also shown are preferential interactions of these binding partners with specific β‐
arrestin isoforms (if applicable), as well as observed functional consequences of β‐
arrestin scaffolding. Adapted from Lefkowitz, R.J. and S.K. Shenoy, Transduction of
receptor signals by beta‐arrestins. Science, 2005. 308(5721): p. 512‐7.
[63‐65]
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Table 1‐2: Partial list of Novel β‐arrestin Binding Partners
ß-Arrestin
Isoform

Functional
Consequences

Reference #

Clathrin

ß-Arrestin 1, 2

Endocytosis

70, 73

AP2

ß-Arrestin 1, 2

Endocytosis

69, 74

NSF

ß-Arrestin 1

Endocytosis; recycling

75

Binding Protein
Trafficking Proteins

Small G/GEFs
ARF6

ß-Arrestin 2>>1

Endocytosis

76

ARNO

ß-Arrestin 2

Endocytosis

76

Ral-GDS

ß-Arrestin 1, 2

Cytoskeletal rearrangement

63

RhoA

ß-Arrestin 1

Stress fiber formation

64

ASK1

ß-Arrestin 1, 2

JNK3 and p38 activation

79

c-Raf-1

ß-Arrestin 1, 2

ERK activation

80

MAPK Cascade
Components

JNK3

ß-Arrestin 2>>1

ERK2

ß-Arrestin 1, 2

Stabilization of pJNK on
endosomes
Prolonged cytosolic pERK
signaling

79
2, 80

Second Messenger
Metabolizing Enzymes
PDE4D family

ß-Arrestin 1, 2

cAMP degradation

108

DGK family

ß-Arrestin 1, 2

DAG metabolism; PA
production

65

ß-Arrestin 1, 2

Endocytosis, ERK activation

72, 75

Non-Receptor Tyrosine
Kinases
c-Src
Yes

ß-Arrestin 1

Hck

ß-Arrestin 1

Fgr

ß-Arrestin 1

Gaq activation and GLUT4
transport
Exocytosis of granules in
neutrophils
Exocytosis of granules in
neutrophils

88
87
87

Others
Mdm2

ß-Arrestin 1, 2

Ubiquitination, endocytosis

77, 78

Dishevelled

ß-Arrestin 2

Stabilization of IκBα upon ß2AR
and TNFR stimulation
Endocytosis of Frizzled4

Smoothened

ß-Arrestin 2

Gli-mediated transcription

PP2A

ß-Arrestin 1

Dopaminergic behaviors

105

p300

ß-Arrestin 1

DNA transcription

106

CREB

ß-Arrestin 1

DNA transcription

106

IκBα

ß-Arrestin 1, 2
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104
94
95

1.3.1 β-arrestins and Clathrin-coated Pit Internalization
While 7TMR desensitization interdicts G protein signals within seconds of
activation, it has become well established that over the span of several minutes, agonist‐
occupied receptors are also internalized from the cell surface [66]. The primary route for
7TMR endocytosis is via clathrin‐coated pits [67]. Sequestration not only removes
7TMRs from the proximity of the membrane‐associated G proteins, but also serves to
initiate processes such as receptor dephosphorylation and recycling, and/or proteolytic
degradation [68].

Work with purified proteins [69, 70] and mouse embryonic fibroblast (MEF) cells
from β‐arrestin knockout mice [71] have shown that β‐arrestins play an important role in
these processes. The degree of β‐arrestin involvement in endocytosis is dependent on the
amount and ratios of β‐arrestins expressed in the experimental system, as well as such
factors as the 7TMR species stimulated, cell type and passage number, and the cell’s
complement of GRKs [72]. β‐arrestins, but interestingly not visual arrestins, bind the β2
adaptin subunit of the AP‐2 adaptor complex [69] and all arrestins show a high affinity
for clathrin. These proteins bind β‐arrestins in vitro through LIEF (clathrin) [73] and RxR
(AP‐2) [74] amino acid motifs located within the C‐terminal portion of β‐arrestin 1 and
β‐arrestin 2. Mutation of these residues ablates 7TMR sequestration, but has no
deleterious effects on β‐arrestin translocation to the membrane or its ability to bind
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GRK‐phosphorylated 7TMRs. Additionally, factors enhancing receptor endocytosis such
as N‐ethylmaleimide‐sensitive fusion protein (NSF) [75], the small GTPase ADP‐
ribosylation factor 6 (ARF6) [76] and its GEF the ARF nucleotide binding site opener
(ARNO) [76] have been shown to utilize β‐arrestins for their activation and plasma
membrane targeting.

1.3.2 Ubiquitination of β-arrestins and 7TMRs
Following receptor sequestration, the 7TMR‐containing endosome may either be
recycled back to the plasma membrane or targeted for proteolytic degradation. Very
often, proteins to be degraded are post‐translationally modified on lysine residues by
the attachment of the 76 amino acid protein ubiquitin, and this is also true for the β2‐AR.
Iso‐dependent ubiquitination and degradation of the receptor has been observed both in
vitro and in cells and has also been shown to involve β‐arrestin [77]. While wild type
MEF cells show ubiquitinated β2‐ARs after agonist stimulation, this modification is
absent from β‐arrestin 1/2 double knock‐out MEFs. Restoring expression of β‐arrestin 2,
but not β‐arrestin 1, in these cells restored wild type functionality. This ubiquitination
event is carried out by a currently unknown ubiquitin ligase and is required for receptor
degradation, but not internalization [77].
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Furthermore, β‐arrestins have been shown to directly interact with the E3
ubiquitin ligase MDM2 and are themselves ubiquitinated by this enzyme [77].
Interestingly, MDM2 ubiquitination does not appear to promote β‐arrestin proteolysis.
Rather, it is a required process for receptor internalization and appears to govern the
strength of the β‐arrestin‐receptor interaction [78], consistent with an emerging role of
ubiquitination modulating the signaling properties of some proteins in addition to
promoting proteolytic degradation.

1.3.3 G protein-Independent Activation of MAP Kinases by β-arrestins
The role of β‐arrestins as adaptor proteins in 7TMR endocytosis led to the
discovery that they are also scaffolds for multiple signaling pathways. In this regard, the
most extensively studied β‐arrestin binding partners are the mitogen activated protein
(MAP) kinases including Jun N‐terminal kinase 3 (JNK3) [79] and the extracellular
signal‐related kinases (ERK) 1 and 2 [2, 80]. The MAP kinases are activated through
phosphorylation, with MAP kinase kinase (MKK) enzymes as well as MAP kinase kinase
kinase (MKKK) proteins creating a transduction cascade, enzymatically amplifying the
signal at each level in the hierarchy. β‐arrestins are necessary scaffolds that bring
together several MAP kinase cascades such as Raf/MEK/ERK [80] and ASK/MKK4/JNK3
[79] through direct interactions with the MKKK and MAP kinase.
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Furthermore, it has been shown, in particular for ERK, that this activation can
occur via G protein‐independent mechanisms as indicated through the use of 7TMR
mutants uncoupled from G proteins, as well as synthetic peptide ligands which are
biased agonists for β‐arrestin recruitment over G protein signaling [81, 82]. ERK
activated via β‐arrestin also shows different temporal and spatial patterns of activation
than those turned on by the G protein pathway. G protein activated ERK is distributed
throughout the cell including the nucleus, where it phosphorylates transcription factors
and is rapidly inactivated by nuclear ERK phosphatases [83]. In contrast, phospho‐ERK
activated by β‐arrestin is more protracted and almost exclusively cytosolic,
phosphorylating as yet unknown cytoplasmic substrates [83‐85].

1.3.4 β-arrestin-scaffolded Src Family Non-Receptor Tyrosine Kinases
The pathways of internalization and ERK activation for some 7TMRs depend on
an interaction between β‐arrestin and members of the Src family of non‐receptor
tyrosine kinases. For Src [86], Hck [87], Fgr [87], and Yes [88] a Src homology 3 (SH3)
domain binds a proline‐rich sequence of β‐arrestin and the SH1 catalytic domain of c‐Src
has also been shown to interact with an N‐terminal region of β‐arrestin 1 [89]. Thus,
when β‐arrestin is recruited to 7TMRs such as the β2‐AR or neurokinin‐1 receptor, the
Src family kinase is brought into a complex with the activated receptor [86]. There, Src
can phosphorylate dynamin, the enzyme responsible for vesicle fission of clathrin‐
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coated pits from the plasma membrane, as well as clathrin, AP‐2 and other endocytic
elements [90]. Disrupting the β‐arrestin‐Src interaction or mutating the target dynamin
tyrosine residues effectively block β2‐AR endocytosis.

β‐arrestin‐dependent Src activity has also been implicated in the process of
transactivation, whereby 7TMR stimulation leads to signaling via a receptor tyrosine
kinase (RTK) [91, 92]. In perhaps the clearest example of this phenomenon, β‐arrestin‐
mediated recruitment of Src to the α2a‐adrenergic receptor initiates metalloprotease‐
dependent “shedding” of heparin‐binding epidermal growth factor (EGF)‐like ligand,
stimulating the EGF receptor in a paracrine fashion [93]. This transactivation pathway is
likely responsible for some of the Ras‐dependent ERK activation observed for many
7TMRs.

1.3.5 Additional Receptors Utilize β-arrestins
Perhaps even more surprising than the number of β‐arrestin‐scaffolded signaling
pathways has been the discovery that β‐arrestins not only bind classically G protein‐
coupled 7TMRs, but many other types of cell surface receptors as well. While the
atypical 7TMRs Frizzled 4 and Smoothened do not demonstrably couple to G proteins
for their developmental and chemotactic signaling, both receptors use β‐arrestins for
endocytosis. Wnt‐stimulated Frizzled 4 internalizes when phosphorylated Dishevelled 2
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bindins to β‐arrestin 2 and escorts both proteins to the receptor [94]. Recruitment of β‐
arrestin 2 to Smoothened utilizes the more traditional pathway of receptor
phosphorylation by GRK2 [95].

In addition to heptihelical receptors, the single transmembrane‐spanning type III
transforming growth factor‐β receptor [96], low‐density lipoprotein receptor [97], the
nicotinic acetylcholinergic receptor ion channel [98], and the Na+/H+ antiporter NHE5
[99] have all been shown to internalize in a β‐arrestin dependent manner. The insulin‐
like growth factor type I (IGF‐1) receptor, a classical RTK, not only co‐opts β‐arrestin for
receptor sequestration but β‐arrestin signaling pathways as well. IGF‐1‐mediated anti‐
apoptotic effects via phosphatidylinositol 3‐kinase (PI3K) [100] and phospho‐ERK [101],
as well as MDM2‐dependent receptor ubiquitination [102, 103] have been shown to
depend on β‐arrestin 1 expression. Thus, while the 7TMRs constitute the single largest
mammalian receptor family, the roles of the β‐arrestins have grown to exceed even this
scope to include signaling and endocytosis of additional membrane‐spanning receptors
and RTKs. [104‐107]

1.4 Concerted Desensitization is Directed by β-arrestins
Until very recently, desensitization of 7TMRs signals could be viewed as a
“passive” function of β‐arrestins, binding GRK‐phosphorylated receptors and
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conveniently blocking G protein activation in the process. However, even traditional
GPCR desensitization has required revision to include dynamic scaffolding roles for β‐
arrestin in light of the work by Perry, et al. that β‐arrestin 1 and 2 bind the PDE4D
family of phosphodiesterases [108]. In wild type, but not β‐arrestin double knockout
MEFs, membrane‐associated PDE4D protein and phosphodiesterase activity increased
with β2‐AR stimulation by isoproterenol in a time course consistent with β‐arrestin‐
mediated recruitment. Replacement of β‐arrestin 1 in the knockout MEFs rescued the
observed PDE function, further validating this hypothesis. Further studies of the β‐
arrestin‐PDE4D complex have also been shown to antagonize the PKA‐mediated process
of β2‐AR “switching” from Gs coupling to Gi coupling [109, 110]. As discussed in section
1.2.2, cAMP signaling is believed to be restricted to microdomains at the plasma
membrane, activating localized pools of PKA near stimulated receptors. Recruitment of
the β‐arrestin‐PDE complex to these active 7TMR sites therefore coordinates a process of
“concerted desensitization” for Gs and cAMP. The production of cAMP by is blocked by
β‐arrestin prohibiting further G protein stimulation of AC, but also the rate of second
messenger clearance is accelerated by PDE localization in the proximity of cAMP
microdomains.

24

1.5 Objectives for this Dissertation
At the time of this dissertation, it has been established that for the Gs‐coupled β2‐
AR that β‐arrestins are a concerted desensitization platform for both Gs and cAMP via
interaction with PDE4Ds. This targeted recruitment brings PDE into a protein complex
with agonist‐stimulated β2‐ARs, which are the cell’s highest sites of AC activity and
cAMP production. Thus, β‐arrestins accelerate breakdown of cAMP and facilitate
inactivation of the second messenger kinase PKA in addition to their traditional role of
antagonizing G protein‐7TMR coupling. However, this complex obviously is not
relevant for the large number of Gq‐coupled 7TMRs, as they do not use cAMP as a
second messenger. Hypothesizing an analogous mechanism of concerted desensitization
may exist for this receptor class (Figure 1‐3), a large screen of IP3 and DAG regulatory
enzymes was undertaken, looking for novel β‐arrestin binding partners. This screen has
suggested an interaction between β‐arrestins and multiple isoforms of DGK.
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Figure 1‐3. Concerted Desensitization as a General Property of β‐arrestins. The work
of Perry et al [108] established an interaction between β‐arrestins and isoforms of PDE4D
phosphodiesterase, showing this complex is recruited to Iso‐stimulated β2‐ARs (upper
panel). This localizes the PDE to microdomains of cAMP at the plasma membrane
accelerating cAMP degradation. Coupled with the traditional role of β‐arrestins in
blocking G protein activation, this was the first reported example of a concerted
mechanism of desensitization for Gs proteins and second messengers. The central
hypothesis of this dissertation is that analogous systems of concerted desensitization
exist for other classes of 7TMRs such as Gq‐coupled receptors (lower panel). If this is
true, we expect β‐arrestin to be responsible for agonist‐dependent recruitment of
regulatory enzymes for IP3 and/or DAG to Gq‐coupled 7TMRs.
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Figure 1‐3: Concerted Desensitization as a General Property of β‐arrestins
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The central hypothesis of these studies is that a β‐arrestin‐DGK complex is
required for degradation of the second messenger DAG in response to Gq‐coupled
receptor stimulation. This synergistically ties together the processes of receptor
desensitization and degradation of DAG at the sites of PLC activity. Additionally, β‐
arrestin‐mediated targeting of DGK could produce pools of PA at activated 7MSRs.
Unlike cAMP, PA is a potent biological effector and may locally enhance PIP5K activity,
increasing concentrations of PIP2 which promotes both cytoskeletal rearrangement and
receptor endocytosis. The specific aims of the project are as follows:

I. Develop and validate siRNA oligonucleotides for β‐arrestin 1 and 2, making these
valuable tools available for investigating β‐arrestin‐dependent signaling in primary and
cultured cell types.

II. Determine if the β‐arrestin‐DGK complex regulates concerted desensitization for Gq‐
coupled 7TMRs and DAG, analogous to the process described for cAMP and Gs‐coupled
receptors via β‐arrestin‐PDE4D.

IIa. Identify the required amino acid residues governing the formation of the β‐
arrestin‐DGK complex and the effects of β‐arrestin binding on DAG kinase
activity.
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IIb. Investigate the roles of β‐arrestin in DGK translocation to the plasma
membrane and incorporation into a multi‐protein complex with stimulated Gq‐
coupled 7TMRs.

III. Examine known effectors of PA for physiological signaling pathways regulated by
the β‐arrestin‐DGK complex.
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2. Materials and Methods
2.1 Materials and Reagents
Tissue culture reagents were purchased from Invitrogen. Horseradish
peroxidase‐conjugated secondary antibodies and tritiated N‐methyl‐scopalamine were
from Amersham, and Supersignal chemiluminescence reagent was from Pierce. The
radiolabeled compounds [125I]Tyr4‐angiotensin II, [3H]cAMP, and 32P orthophosphate
were purchased from Perkin Elmer. Human angiotensin II was from Peninsula
Laboratories. GeneSilencer transfection reagent was bought from Gene Therapy
Systems. Purified lipid standards were sold by Avanti Polar Lipids. Lipofectamine 2000
transfection reagent was obtained from Invitrogen. Thin layer chromatography plates
were from Whatman International Ltd. Site‐directed mutagenesis was done using a
QuikChange II kit bought from Stratagene (La Jolla, CA). All other materials were
purchased from Sigma.

2.2 DNA Plasmids
Plasmids for the diacylglycerol kinases as well as His6‐Myc‐tagged PIP5K Iα
were graciously provided by Drs. Matt Topham and Steve Prescott at the Huntsman
Cancer Institute, University of Utah. FLAG‐β‐arrestin 2 RRK/Q was created with
sequential point mutations inserted into a FLAG‐tagged rat β‐arrestin plasmid. The
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oligonucleotides (and their respective complimentary sequences) used in this site
directed mutagenesis were (5’‐3’):
R233Q‐ GACCGTCAAGAAGATCCAAGTGTCTGTGAGACAG
R237Q‐ GATCCAAGTGTCTGTGCAACAGTATGCCGAC
251Q‐ CGCGCGCAGTACCAGTGTCCTGTGG
The FLAG‐β‐arrestin 2 RRK/Q‐5‐kinase domain fusion protein was engineered by PCR
with rat FLAG‐β‐arrestin 2 template and primers (5’‐3’):
AAATCTAGAATGGACTATAAAGACGATGACGATAAAGGTGAAAAACCCGGGA‐
CC and AAAAAGCTTGCAGAACTGGTCATCACCAGTCG. Cutting PCDNA 3.1 Zeo‐
vector and PCR product with XbaI and HinDIII and subsequent ligation produced a
plasmid encoding an N‐terminally FLAG‐tagged β‐arrestin 2 lacking a stop codon. The
sequence was verified at this point by ABI sequencing at the Duke University DNA
Analysis Facility. The core kinase domain of PIP5K Iα (residues 59‐438) was created by
PCR with primers (5’‐3’): AAAAAGCTTGGTGGCGATCCCGCGGTCCCTTCC and
AAAAAGCTTCTAAACAAACCTGTAAGACTG, cut with HinDIII and inserted into the
FLAG‐β‐arrestin 2 RRK/Q plasmid. Sequencing confirmed the finished plasmid encoded
FLAG‐β‐arrestin 2 RRK/Q open reading frame followed by two glycine residues and the
5‐kinase domain with 3’ stop codon. All other plasmids used were created previously in
the Lefkowitz lab or engineered as described in this text.
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2.3 Techniques
Synthesis of siRNAs. Chemically synthesized, double‐stranded siRNAs, with 19‐
nucleotidet duplex RNA and 2‐nt 3’ dTdT overhangs were purchased from Dharmacon
Research or Xeragon Inc. in deprotected and desalted form. To design β‐arrestin‐specific
siRNA duplexes, the mRNA sequences for human β‐arrestin 1 and 2 were screened for
unique 21‐nt sequences in the NCBI database using the BLAST search algorithm [111].
The accession numbers in brackets given below are from GeneBank. The original siRNA
sequences targeting β‐arrestin 1 (NM_020251) and β‐arrestin 2 (NM_004313) are 5’‐
AAAGCCUUCUGCGCGGAGAAU‐3’ and 5’‐AAGGACCGCAAAGUGUUUGUG‐3’
and correspond to the positions 439‐459 and 201‐221 relative to the start codon
respectively (Table 2‐1). One small RNA duplex was synthesized and used as a control.
This RNA, initially designed to target another β‐arrestin 2 mRNA unique sequence (5’‐
AAGUGGACCCUGUAGAUGGCG‐3’; position 101‐120 from the start codon), has no
silencing effects on β‐arrestin expression. This control was subsequently replaced with a
non‐silencing siRNA (CTL) which does not correspond to any mammalian mRNA
transcript. Simultaneous knockdown of both β‐arrestin isoforms was accomplished with
a 19‐nucleotide sequence 5’‐CCUGCGCCUUCCGCUAUGGU‐3’ common to both
mRNAs.
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Table 2‐1. Validated β‐arrestin‐specific siRNAs

Table 2‐1. Validated β‐arrestin‐specific siRNAs
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Cell Culture and Transfection. HEK293 cells were maintained as described [112].
40‐50 % confluent cells in 100‐mm plates, split at least 24 hr before transfection, were
transfected with siRNA using the GeneSilencer transfection reagent (Gene Therapy
Systems) according to the modified manufacturer’s instructions. Briefly, 50 μl of the
GeneSilencer transfection reagent was added to 300 μl MEM, while RNA mixtures
containing 72 μl of 20 μM (∼20 μg) RNA, 240 μl of siRNA diluent, and 180 μl MEM were
prepared. Both solutions were allowed to stand 5‐10 min at room temperature and
mixed by inversion. Following 10‐20 min incubation at room temperature, the entire
transfection mixture was added to cells in a 100‐mm plate containing 3‐4 ml of fresh,
serum‐free MEM. After cells were incubated for 4 hr at 37 oC, an additional 4‐5 ml of
MEM with 20 % FBS and 2 % penicillin/streptomycin were added to the plate. Following
additional incubation for 48 hr, cells were divided into 12‐well plates for β‐arrestin
immunoblotting and further experiments. For assays requiring transient receptor
expression, the appropriate amounts of the plasmid encoding the selected receptor were
transfected either two days after RNA treatment (β2‐AR) or simultaneously with RNA at
the same time (AT1AR) as above. All assays were performed at least three days after
RNA transfection or two days after plasmid DNA transfection.

Immunoprecipitation and Immunoblotting. Cells were lysed in ice‐cold
glycerol lysis buffer with protease inhibitors as described [113]. Equivalent amounts of
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total protein were loaded with 20μL of either anti‐FLAG or anti‐HA affinity gel (Sigma)
and agitated overnight at 4oC. The beads were washed four times in lysis buffer,
denatured in Laemmli sample buffer, and subsequently resolved by sodium dodecyl
sulfate (SDS)/polyacrylamide gel electrophoresis (PAGE). Gels with 10% acrylamide
(Invitrogen) provided sufficient separation of β‐arrestins from excess IgG and lysate
samples without immunoprecipitating antibody were run on the same gel for positive β‐
arrestin identification. Immunoblotting was done using the anti‐β‐arrestin 1/2 antibody
A1CT [114] and anti‐DGKζ antibody [115]. Immunoblots were quantified by
densitometry using a Fluor‐S MultiImager (Bio‐Rad) or by luminescence captured on a
CCD camera with a ChemiGenius2 imaging system (Syngene).

cAMP Accumulation Assays. Isoproterenol‐stimulated cAMP accumulation in
cells was measured as described [116] and normalized to total forskolin‐stimulated
cAMP production. Briefly, HEK293 cells were pre‐incubated 20 minutes with 1mM
isobutyl methylxanthine (IBMX) to inhibit endogenous phosphodiesterase activity. Iso‐
stimulated cells were by the addition of phosphate‐buffered saline (PBS) solution with
.125 M EDTA. Samples were subsequently boiled for 10 minutes. Whole‐cell cAMP was
quantified by competition of the sample with [3H] cAMP for binding to recombinant
PKA regulatory subunits. Unbound [3H] cAMP is removed by the addition and
centrifugal sedimentation of activated charcoal. The supernatant of the samples were
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added to 10 mL scintillation cocktail and the remaining radioactivity counted in a
Packard Tri‐Carb TR2700 liquid scintillation analyzer. These [3H] cAMP counts were
then compared to known standards to determine the non‐radioactive cAMP from each
sample.

Receptor Sequestration Assays. Agonist‐induced sequestration of transiently
expressed Flag‐epitope tagged β2‐ARs and AT1ARs were defined as loss of cell surface
receptors following agonist treatment, measured by immunofluorescence flow
cytometry [117] and radioligand binding [118] respectively as described.

ERK activation Assays. ERK 1/2 MAP kinase activation in cells was determined as
increased levels of phosphorylated ERK 1/2 (as ascertained by a phospho‐specific
antibody) upon various concentrations of agonist treatment, measured essentially as
described [119]. Dose‐response curves and EC50s were analyzed with GRAPHPAD
PRISM software.

In vitro Diacylglycerol Kinase Assay. Assays were performed using the
method described by Bunting et al [115] with anti‐FLAG resin used to
immunoprecipitate FLAG‐tagged β‐arrestins from HEK293 cells co‐transfected with HA‐
DGKζ. Each assay contained 50 mM MOPS, pH 7.2, 100 mM NaCl, 20 mM MgCl , 1 mM
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EGTA, 1 mM dithiothreitol, 2 mM 1,2‐dioleoyl‐sn‐glycerol, 3.5 mM phosphatidylserine,
75 mM octyl‐ ‐glucopyranoside, 500 μM [ ‐ P]ATP, and 0‐20 μg of cell homogenate in
a volume of 200 μl.The reactions were initiated by the addition of ATP (20‐30 μCi/μmol),
were incubated for 10 min at 24 °C, and were terminated by the addition of 200 μl of 1%
perchloric acid. Then, to each tube, we added 1.0 ml of MeOH, 1.0 ml of CHCl , 500 μl of
1% perchloric acid, and 50 μg of phosphatidic acid, vortexed them well, and centrifuged
them for 10 min at 400 g. The lower phase of each sample was washed twice with 2 ml
of 1% perchloric acid. The remaining lower phase was dried under N and resuspended
in 100 μl of 9:1 CHCl /MeOH. The region containing phosphatidic acid (as indicated by
radiolabeled standards) and the remaining areas of each lane were scraped separately,
and the radioactivity was estimated by liquid scintillation spectrometry.

Creation of DGKζ Truncation Mutants. DGKζ was selected as the isoform used
for mapping β‐arrestin binding based on the availability of truncation and deletions
created previously by Luo et al [120]. The cysteine‐rich domain (CRD) 1/2 deletion
mutant was created by site directed mutagenesis using the sense DNA oligonucleotides
5’‐GATCCGGAGTACAGTCGACTGGAGCGAGTC and 5’‐
GCCACCTGGATCGTCGACGCCCGGAGGCCCC with complementary antisense
sequences to introduce SalI cut sites before the CRDA and after the ”Extended CRD”
motif [121]. β‐arrestin associated with mutants with deletions of the non‐conserved N‐
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terminus of DGKζ or the Extended CRD motif was similar to that with the full‐length
protein (data not shown).

Whole-cell Lipid Radiolabeling and Separation. HEK293 cells were starved
in phosphate‐free minimal essential medium containing 2% dialyzed fetal bovine serum
and 10mM HEPES for 1 hour prior to the addition of 8μCi/mL 32P orthophosphate. Cells
were incubated an additional hour at 37oC to allow for uptake of the radionuclide.
Stimulated cells were treated with carbachol at a final concentration of 50μM for five
minutes prior to harvesting. All samples were washed twice with ice cold phosphate‐
buffered saline, scraped into 100μL of 1N HCl, and then added to a solution of
chloroform:methanol (2:1) with the lipids extracted following the method of Bligh and
Dyer [122]. The solvent system used for phospholipid separation was previously
described by Tolias et al [49]. 32P incorporation into phosphorylated lipids was visualized
by exposure of the TLC plate to a phosphorimager screen for 4 hours. The screens were
then quantified on a Typhoon phosphorimager (Amersham) with volumes adjusted for
total protein content and normalized to control non‐stimulated PA levels. Individual
lipid species were identified by comparison to iodine stained lipid standards.

Statistical Analysis. All statistics presented were from data analyzed using
GraphPad Prism software (GraphPad Software Inc., San Diego, CA).
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3. Development and Validation of β-arrestin Specific
siRNAs
3.1 Introduction
Despite the diversity of physiological roles played by the large and ubiquitous
family of seven transmembrane receptors, there is remarkable conservation of the
molecular mechanisms that mediate and modulate their signaling. Three families of
proteins appear to interact almost universally and in a stimulus dependent way with the
receptors. These are the heterotrimeric G proteins (hence the name G protein‐coupled
receptors), the G protein coupled receptor kinases and the arrestins. Interaction of an
activated 7TMR with G protein leads to dissociation of its α and βγ subunits which
activate a variety of effectors [123]. Interaction of the activated receptors with GRKs
leads to their phosphorylation on serine and threonine residues, which is followed by β‐
arrestin binding [1]. Whereas the mediation of 7TMR signaling by G proteins is
reasonably well understood, a full appreciation of the roles and mechanisms of receptor
regulation by arrestins and GRKs is not yet at hand. Originally discovered as proteins
that mediate the desensitization of the receptors [1, 124], the last several years have seen
rapid progress in uncovering an ever‐increasing list of additional functions of this
regulatory system. These include adaptor and scaffold functions which link the
receptors to the clathrin‐coated pit endocytosis machinery [69, 70, 75] as well as to a
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variety of signaling systems such as the MAP kinases ERK 1 & 2 [80, 83, 119], JNK 3 [79]
and p38 [125].

In contrast with the extraordinarily large superfamily of 7TMR, numbering about
a thousand members in the human genome, both the GRK and β‐arrestin families are
quite small, with only 7 and 4 genes known respectively in mammals. Of the 4 arrestin
genes, two are expressed only in retina, whereas two others, termed β‐arrestin 1 and 2
(also known as arrestin 2 and 3) are ubiquitously expressed [114, 126, 127]. Over the past
several years, the development of knockout mice in which the genes for β‐arrestin 1 and
2 have been inactivated by homologous recombination, and of embryonic fibroblasts
(MEFs) derived therefrom have greatly aided the study of the physiological and cellular
roles of these multifunctional proteins [71]. However, the likely possibility that the
arrestins might play previously unsuspected roles in other signaling pathways in
diverse cell types has indicated the need for a generally applicable and reliable method
for selectively suppressing β‐arrestin isoform expression in cultured cells. Highly
specific post‐transcriptional gene silencing using 21‐23‐nucleotide small interfering RNA
duplexes (siRNAs) has extended the RNA interference (RNAi) technique to a wide
range of common mammalian culture lines [128], suggesting that this might represent an
appropriate approach to this problem. RNAi is the phenomenon by which double
stranded RNA, acting through an incompletely characterized nuclease complex,
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catalytically destroys mRNA transcripts containing an identical nucleotide sequence,
thereby suppressing protein expression [129]. Here we report the development of a
highly effective and specific RNAi method for depleting β‐arrestins from human cells.
We rigorously validate this approach in a variety of systems representing each of the
currently known classes of β‐arrestin action: desensitization, internalization, and
signaling. This work was done in equal collaboration between Christopher D. Nelson
and Dr. Seungkirl Ahn in the Lefkowitz lab.

3.2 Results
Two small RNA duplexes corresponding to the β‐arrestin 1 and β‐arrestin 2
genes were chemically synthesized and transfected into HEK293 cells to test their ability
to silence β‐arrestin expression. Protein expression levels of β‐arrestin 1 and 2 in siRNA‐
transfected cells were analyzed by immunoblotting the whole cell lysates (Figure 3‐1).
Transfection of β‐arrestin 1 or 2 siRNA reduces expression of the targeted β‐arrestin by
70% and 90% respectively compared to either non‐silencing, control RNA‐ or mock‐
transfected cells. Both siRNAs also show significant isoform‐specificity. Moreover, dual
transfection with both siRNAs significantly reduces the amount of β‐arrestin 1 and 2.
These results validate our siRNAs as potent reagents capable of selectively or
collectively depleting β‐arrestin levels in human cells.
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Figure 3‐1. Analysis of β‐arrestin expression in siRNA‐transfected HEK293 Cells.
Whole cell lysates were prepared from the indicated RNA‐transfected HEK293 cells as
described. Equal amounts of proteins (20 μg) in each sample were used to determine
expression of β‐arrestin 1 and 2 by immunoblotting with the polyclonal anti‐β‐arrestin
antibody A1CT. Values shown are expressed as percent of the level of each β‐arrestin in
mock (No RNA) transfected cells and represents the mean ± S.E. from seven
independent experiments. Statistical significance was determined using a one‐way
ANOVA to correct for multiple comparisons (GRAPHPAD PRISM software) between β‐
arrestin siRNA‐transfected cells and control cells (both mock and non‐silencing, control
RNA (CTL) transfected) (*, P < 0.001). A representative immunoblot is shown on the top.
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Figure 3‐1. Analysis of β‐arrestin Expression in siRNA‐transfected HEK293 Cells

43

β‐arrestin 1 and 2 have been ascribed roles in both 7TMR desensitization and
internalization [1, 69, 70, 75, 124]. We first tested the ability of cells transfected with
siRNAs targeting the β‐arrestins to support agonist‐induced desensitization of the
endogenously expressed β2‐adrenergic receptor (β2‐AR) by measuring the accumulation
of the second messenger cAMP. Stimulation of the β2‐AR with isoproterenol for 2 min
leads to maximal levels of cAMP accumulated in our HEK293 cells (data not shown).
Upon agonist treatment for 2 min, total cAMP accumulation is significantly elevated in
cells with β‐arrestin 2 siRNA, while cells transfected with β‐arrestin 1 siRNA show no
change relative to controls (Figure 3‐2). These results demonstrate that reducing β‐
arrestin 2 levels (85‐95%; Figure 3‐1) by RNA interference provides a functional
knockout with respect to desensitization of the β2‐AR. Additionally, these data are also
in agreement with previous studies showing that the β2‐AR preferentially recruits β‐
arrestin 2 following agonist stimulation [112].
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Figure 3‐2. Effect of siRNA‐mediated β‐arrestin depletion on cAMP accumulation by
endogenously expressed β2‐AR. HEK293 cells were transfected with the indicated
RNA oligonucleotides as described and subsequently stimulated with 10 μM
isoproterenol for 2 minutes. Accumulation of cAMP was determined by competition
with [3H] cAMP for PKA binding sites and then normalized to total forskolin (10 μM)‐
stimulated cAMP levels for each treatment. Data are expressed as percent of agonist‐
induced cAMP accumulation in control RNA treated cells (CTL) and represents the
mean ± S.E. of six independent experiments. NS, non‐stimulated. Statistical significance
was determined using a one‐way ANOVA to correct for multiple comparisons between
β‐arrestin siRNA‐transfected cells and control cells. The asterisk indicates P < 0.05 versus
both control RNA and mock (No RNA) transfected cells.
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Figure 3‐2. Effect of siRNA‐mediated β‐arrestin Depeletion on cAMP Accumulation by
Endogenously Expressed β2‐ARs
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Next, we examined the effect of siRNA‐suppressed β‐arrestin expression on
internalization of 7TMRs using transiently expressed β2‐ARs and angiotensin II type 1A
receptors (AT1ARs). Flag epitope‐tagged β2‐AR internalization was measured by flow
cytometry following isoproterenol treatment for 30 min. Analogous to β2‐AR
desensitization, agonist‐induced receptor internalization is dramatically attenuated in β‐
arrestin 2 siRNA‐transfected cells, whereas β‐arrestin 1 siRNA shows no significant
effect on β2‐AR internalization (Figure 3‐3, upper panel). These data are also consistent
with our previous results in mouse embryonic fibroblast (MEF) lines originated from β‐
arrestin knockout (KO) mice, suggesting that β‐arrestin 2 is critical for regulating β2‐AR
sequestration, while β‐arrestin 1 is largely dispensable for this function [71].

Sequestration of the AT1A‐R, a representative of a 7TMR group interacting with
both β‐arrestin 1 and 2 with approximately equal affinity [112], was measured 5 min
after angiotensin II treatment using ligand‐binding assays. The AT1AR shows a very
different pattern in siRNA effects on its agonist‐induced internalization (Figure 3‐3,
lower panel) from that of the β2‐AR (Figure 3‐3, upper panel). β‐arrestin 1 siRNA‐
transfected cells show a modest, but significant, reduction (~35 %) in AT1AR
sequestration, while transfection of β‐arrestin 2 siRNA, more effective in suppressing the
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Figure 3‐3. Effect of siRNA‐mediated suppression of β‐arrestin levels on 7TMR
internalization. (Upper panel) HEK293 cells were transfected with either control RNA
(CTL) or the indicated β‐arrestin siRNA and subsequently transfected again with
plasmids encoding Flag epitope‐tagged β2‐AR as described. Serum‐starved cells were
exposed to 10 μM isoproterenol for 30 min at 37 oC and analyzed for their plasma
membrane content of the Flag epitope‐tagged β2‐AR by flow cytometry. Values shown
are expressed as percentage of loss of agonist‐induced cell surface receptors over non‐
stimulated cells. (Lower panel) HEK293 cells were transfected with appropriate amounts
of AT1AR encoding plasmids and the indicated siRNAs simultaneously. Receptor
expression was equivalent (200‐300 fmol per mg protein) among each transfected cells.
Cells were cooled down in ice‐cold, serum‐free media and subsequently stimulated with
0.2 nM 125I‐labeled AngII for 5 min at 37 oC. Percent of agonist‐stimulated AT1AR
sequestration was determined as acid‐resistant cpm divided by the total cpm bound.
Among different samples, receptor expression was equivalent (200‐300 fmol per mg
protein). Each data represents the mean ± S.E. from three independent experiments done
in triplicate. Statistical significance was determined using a one‐way ANOVA to correct
for multiple comparisons between ‐arrestin siRNA‐transfected cells and control cells
(both receptor transfected cells without RNA (Rc alone) and control RNA treated cells)
(*, P < 0.05; **, P < 0.01).
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Figure 3‐3. Effect of siRNA‐mediated Suppression of β‐arrestin Levels on 7TMR
Internalization
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β‐arrestin level (Figure 3‐1), results in ~60 % attenuation of receptor internalization. The
combination of both siRNAs, however, fails to further inhibit AT1A‐R sequestration.
Although the dual transfection decreases levels of both β‐arrestin 1 and 2, it is not as
effective as single transfection particularly for β‐arrestin 2 (Figure 3‐1). Thus, residual
amounts of β‐arrestin 2 in the double transfected cells may prevent further inhibition of
AT1AR internalization, or alternatively, there may be a β‐arrestin‐independent pathway
for AT1AR internalization. Furthermore, at longer stimulation times (> 15 min), the level
of receptor sequestration in the β‐arrestin‐suppressed cells become equal to the controls
(data not shown), confirming that at these levels of residual β‐arrestins, the major effect
is to slow the rate of internalization of the AT1A‐R.

Besides its classical roles in desensitization and internalization of 7TMRs, β‐
arrestin has recently been demonstrated to facilitate propagation of signals from the
receptor to a variety of MAP kinase signaling systems such as the MAP kinases ERK 1/2
[80, 83, 119], JNK 3 [79] and p38 [125] by scaffolding those kinases. To test whether
siRNA‐mediated depletion of β‐arrestin alters MAP kinase signaling from the activated
7TMR, we examined ERK 1/2 activation by transiently expressed AT1AR. As shown in
Figure 4, the maximal activation of ERK 1/2 in response to high concentrations of AngII
(> 10‐6 M) is not different between β‐arrestin 2 siRNA‐ and non‐silencing, control RNA‐
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tansfected cells. The dose response curve, however, is shifted to higher concentrations of
ligands by siRNA‐mediated β‐arrestin 2 depletion compared to that of control cells. The
EC50 of ERK 1/2 activation in response to agonist is 7 fold higher in β‐arrestin 2 siRNA‐
transfected cells than in control siRNA‐transfected cells. These results directly
demonstrate that β‐arrestin acts as a positive regulator in 7TMR‐mediated MAP kinase
signaling.
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Figure 3‐4. Effect of siRNA‐inhibited expression of β‐arrestin on ERK activation in
response to AT1A‐R stimulation. HEK293 cells transiently expressing AT1AR (~300
fmol per mg of protein) by co‐transfection with either control RNA (CTL) or the β‐
arrestin 2 siRNA were serum‐starved for 1‐2 hr and stimulated with the indicated
concentrations of AngII for 5 min at 37 oC. Phosphorylation of ERK in whole cell lysates,
normalized to equal amounts of proteins in each sample, was detected by
immunoblotting with a phospho‐ERK 1/2 antibody as described. Equal loading of total
ERK proteins were also confirmed by immunoblotting with an anti‐ERK 1/2 antibody
(data not shown). Each data point is expressed as percent of the maximal
phosphorylation of ERK in response to 10‐6 M AngII in control cells and represents the
mean ± S.E. from seven independent experiments. Dose‐response curves and EC50s
between control RNA and β‐arrestin 2 siRNA treated samples were obtained and
analyzed by a two‐way ANOVA to determine statistical significance for shift of the
curve (P < 0.001) using GRAPHPAD PRISM software. A representative immunoblot is
shown on the top.
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Figure 3‐4. Effect of siRNA‐inhibited Expression of β‐arrestin on ERK Activation in
Response to AT1AR Stimulation
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3.3 Discussion
Since their discovery more than a decade ago as molecules that desensitize
7TMRs [114, 127], the roles of β‐arrestins in these receptor systems have strikingly
expanded [72, 130]. Overexpression of wild‐type or dominant‐negative mutant β‐
arrestins have been commonly used strategies to characterize currently known β‐arrestin
functions. However, since endogenously expressed levels of β‐arrestins may not be
limiting, overexpression of the wild‐type may fail to potentiate β‐arrestin‐dependent
cellular responses. Moreover, since β‐arrestins are non‐catalytic proteins which bind
various signaling molecules through distinct epitopes [72], dominant negative mutants,
developed for one purpose (e.g. to block sequestration), may fail or give misleading
results when used to assess another.

Depletion of β‐arrestin by various methods has also been used as an alternative
approach to overcome such obstacles in studying its roles in 7TMR systems. One such
method is anti‐sense oligonucleotides. This technique, however, only modestly
attenuates β‐arrestin expression, and is associated with low isoform‐selectivity [131].
Recently developed β‐arrestin KO mice and MEF lines derived from them have been
valuable tools to expand our understanding of β‐arrestin’s physiological and cellular
functions [71]. However, MEF lines are not applicable to the study of potentially variable
roles of these multifunctional proteins in diverse cell types. Thus, we have chosen to
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employ RNA interference (RNAi), with its potential for high silencing efficiency and
selectivity in multiple cell types [128], as a new method to investigate the consequences
of reduced β‐arrestin levels in cultured cells.

Here, we show that transfection of siRNA designed to target β‐arrestin 1 or 2
markedly and reliably attenuates expression of each β‐arrestin, interfering with their
currently known functions in 7TMR systems. Although some cross‐reactivity to the
opposite β‐arrestin is observed (Figure 3‐1), our siRNAs show highly isoform‐selective
effects on β2‐AR desensitization (Figure 3‐2) and sequestration (Figure 3‐3, upper panel);
introduction of β‐arrestin 2 siRNA attenuates both desensitization and sequestration of
the β2‐AR, while β‐arrestin 1 siRNA has no effect. Thus, the siRNAs used here provide
functionally selective depletion of a designated isoform of β‐arrestin, and are thereby
useful to elucidate non‐redundant, isoform‐specific functions of β‐arrestins.

While the advantages of using RNAi to examine roles of specific proteins are
numerous and represent a significant improvement over alternative methods [129], there
are caveats that need to be addressed when employing this technique. Foremost among
these is the impossibility of complete silencing of the target protein in siRNA‐transfected
cells. Studies using confocal microscopy strongly suggest that this phenomenon is
limited by the transfection efficiency of the experimental cell population [128, 129]. The
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method used in the present study makes it possible to achieve over 90 % transfection
efficiency in our HEK293 cells (data not shown). Furthermore, the extent of reduction of
β‐arrestin levels which we observed was sufficient in all cases to cause functional
impairment of β‐arrestin‐mediated mechanisms. Secondly, using multiple siRNAs
simultaneously may yield different results than either reagent individually [129]. Such is
the case for the dual transfection of β‐arrestin 1 and 2 siRNAs. Although both β‐arrestins
are significantly depleted, the combination is not quite as effective at silencing β‐arrestin
2 as the β‐arrestin 2 siRNA alone. Undoubtedly, future advances in understanding the
mechanisms underlying RNAi will result in improvements in this area.

To date, the best system for examining the functional consequences of loss of β‐
arrestins has been MEF lines established from β‐arrestin knockout mice [71]. Our siRNA
treatment produces patterns in desensitization (Figure 3‐2) and internalization (Figure 3‐
3) of 7TMRs similar to those in these MEF cells. We observed significant impairment in
desensitization and sequestration of the β 2‐AR by depletion of β‐arrestin 2, but not β‐
arrestin 1, as well as in internalization of the AT1AR by suppression of both β‐arrestin 1
and 2 expression. The data here is also in accord with the previous finding that β‐
arrestin 2 is recruited to the β2‐AR with a 10 fold higher affinity than β‐arrestin 1, while
the AT1AR recruits both β‐arrestins with approximately equal efficacy [112].
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Depletion of a single β‐arrestin isoform by RNAi significantly reduces AT1AR
internalization following short time exposure (5 min) to AngII, but shows no effect with
longer stimulation time (>15 min; data not shown). These results suggest that the siRNA‐
mediated reduction of the β‐arrestin level functions to slow the rate of internalization of
the AT1AR rather than to block this process. Furthermore, it has been demonstrated that
the AT1AR is also internalized through β‐arrestin‐independent pathways [132]. MEF cells
from mice devoid of β‐arrestins also fail to completely abolish the sequestration of the
AT1AR [71].

We found that siRNA‐mediated depletion of β‐arrestin shifts the dose response
curve for ERK activation in response to AT1AR stimulation to the right, but has no effect
on the maximal response to a high concentration of agonist. Since MAP kinases can be
activated through multiple signaling pathways upon 7TMR activation [133, 134], it likely
is not possible to abolish their activation by knocking out only a single pathway such as
a β‐arrestin‐dependent pathway. Nonetheless, our results directly demonstrate that β‐
arrestin acts as a signal transducer for 7TMR‐mediated MAP kinase activation, a
conclusion which is also supported by previous findings that overexpression of β‐
arrestin potentiates ERK activation by various 7TMRs [83, 135]. In the future, it will be of
interest to determine if suppression of both β‐arrestin isoforms has even more profound
effects on ERK activation.
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Our results demonstrate that siRNA‐mediated suppression of the β‐arrestin
levels is sufficient to alter the currently known β‐arrestin functions in 7TMR systems:
desensitization, internalization, and signaling. A growing list of newly discovered roles
of β‐arrestins as adapter proteins and scaffolds for propagating signals in a variety of
7TMR systems [72] suggests that our appreciation of the functions of these proteins will
most likely continue to expand. Thus, the results reported here introduce the RNAi
technique as a reliable and powerful approach to expose unrevealed physiological and
cellular functions of these versatile proteins in the future.
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4. Targeting of Diacylglycerol Degradation to M1
Muscarinic receptors by β-arrestins

4.1 Introduction
The seven transmembrane receptor superfamily comprises the largest group of
mammalian cell‐surface receptors, transducing external stimuli such as hormones,
neurotransmitters, odorants and photons into intracellular signaling events [136]. In
response to agonist stimulation, the receptor alters its conformation to promote
activation of one or more heterotrimeric G proteins. The G proteins then interact with
specific effectors to initiate the production of second messenger molecules, triggering
signaling cascades; Gs activation of adenylyl cyclase increasing intracellular cAMP is one
example. For 7TMRs that couple to Gq/11, signal transduction proceeds through the
stimulation of phospholipase C and hydrolysis of phosphatidylinositol 4,5‐bisphosphate
to produce the second messengers inositol 1,4,5‐trisphosphate and diacylglycerol [137].

Proper regulation of signal transduction cascades requires inactivation of G
proteins, degradation of second messengers and silencing of activated receptors to
return the cell to a basal state. Deactivation of the G protein is achieved through the
intrinsic GTPase activity of the α subunit with subsequent re‐assembly of the inactive
heterotrimeric complex. However, unlike the autocatalytic G proteins, most second
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messenger molecules require specific enzymes for metabolism to an inactive form and
signal termination. For DAG, regulation is particularly crucial, as dysregulation leading
to prolonged DAG signaling is tumorigenic, mimicking the effects of phorbol ester [138,
139].

The main pathway of DAG metabolism is phosphorylation by the family of
diacylglycerol kinases [39]. To date, ten isoforms of mammalian DGK have been
identified, including the recently discovered DGKκ [140]. All isoforms have at least two
cysteine‐rich domains (CRDs), homologous to the C1 motif of protein kinase C, and a
conserved catalytic domain. Further classification of DGKs into five subtypes is based on
the presence of additional functional domains. These enzymes are predominantly
cytoplasmic, and translocate to the plasma membrane upon stimulation of many
receptor types, including 7TMRs.

The reaction catalyzed by all DGKs is the ATP‐dependent creation of
phosphatidic acid (PA) through phosphorylation of the sn‐3 position of DAG. The
growing recognition of PA as an effector molecule in other signaling pathways has
elevated the roles of DGKs beyond simply antagonizing DAG signaling. PA influences
vesicle trafficking [141], promotes translocation of Raf to the plasma membrane [142],
and affects the activity of multiple enzymes including type I phosphatidylinositol 5‐
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kinases [46, 47], PKCζ [48], and small GTPase proteins [49]. In many cases, the DGKs
also physically associate with these targets [47, 49], implicating DGKs as the relevant PA
source.

Silencing of activated 7TMRs occurs through a highly conserved, two‐phase
mechanism [143]. First, cytoplasmic serine and threonine residues of agonist‐occupied
7TMRs are phosphorylated by G protein‐coupled receptor kinases. This phosphorylation
promotes the translocation and binding of β‐arrestin proteins, which serve multiple roles
in receptor regulation. β‐arrestin binding sterically hinders receptor‐G protein coupling,
diminishing G protein signaling in a process known as homologous desensitization [136,
143]. Additionally, β‐arrestins interact with AP‐2 [70] and clathrin [69], recruiting 7TMRs
to clathrin‐coated pits and internalizing activated receptors from the cell surface.

The roles of β‐arrestins have expanded further into cell signaling with the
discovery that the β‐arrestins act as multivalent adaptor proteins [2]. These scaffolding
functions link agonist‐occupied 7TMRs to the endocytic machinery as well as to a
variety of signaling and regulatory molecules. For example, β‐arrestins can bring PDE4
phosphodiesterases to stimulated β2‐adrenergic receptors, thereby accelerating the rate
of cAMP degradation in a concerted mechanism of receptor desensitization and second
messenger inactivation [108]. Based on this finding, we undertook a screen for novel β‐
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arrestin binding proteins among modulators of Gq‐derived second messengers,
hypothesizing this phenomenon may be applicable to additional subtypes of 7TMRs. We
report here that β‐arrestins bind multiple members of the DGK family, and that PA
production in response to stimulation of endogenous M1 muscarinic receptors in
HEK293 cells requires a functional interaction between the receptor and β‐arrestin‐DGK
complex.

4.2 Results
As part of an extensive screen searching for novel β‐arrestin binding partners
among phospholipid signaling modulators, HA‐epitope‐tagged DGK α,β,γ,δ,ε,ζ and ι
were transiently overexpressed in COS7 cells along with FLAG‐epitope‐tagged β‐
arrestin 1 or 2 or pcDNA3 vector (Figure 4‐1). Overnight incubation of these cell lysates
with anti‐FLAG antibody‐conjugated resin revealed co‐immunoprecipitation of all seven
HA‐tagged DGKs with FLAG β‐arrestin 1 and 2, but not with vector controls (Figure 4‐1,
upper panels). The amount of HA‐DGK immunoprecipitated in these experiments was
approximately proportional to the level of expression in cell lysates for all DGK
isoforms.

62

Figure 4‐1. Co‐immunoprecipitation of DGK Isoforms with β‐arrestins. Upper and
Middle panels: Western blots of FLAG immunoprecipitates from COS7 cells
overexpressing HA‐tagged DGK isoforms co‐transfected with FLAG β‐arrestin 1 (βarr1),
FLAG β‐arrestin 2 (βarr2), or pcDNA3 vector. Lower panel: HEK293 cell lysate
immunoblots normalized for total protein, confirming construct expression. Images are
representative of five independent experiments.
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Figure 4‐1. Co‐immunoprecipitation of DGK Isoforms with β‐arrestins
Figure 4‐1. Co‐immunoprecipitation of DGK Isoforms with β‐arrestins
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Figure 4‐2. Co‐immunoprecipitation of β‐arrestins with DGKζ is Independent of Gq‐
coupled 7TMR stimulation. Western blots of immunoprecipitated HA‐DGKζ (upper
panel) and co‐immunoprecipitated endogenous β‐arrestins (lower panel) following
stimulation with 50μM carbachol or 1μM phorbol ester as indicated. Data are
representative of three independent experiments (ev, empty vector; CBC, carbachol;
PMA, phorbol 12‐myristate 13‐acetate; Lys, HEK293 cell lysate).
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Figure 4‐2. Co‐immunoprecipitation of β‐arrestins with DGKζ is Independent of Gq‐
coupled 7TMR stimulation
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Because stimulation of 7TMRs [43] and PKC phosphorylation [144] have been
shown to alter the subcellular localization of DGKζ, we selected this isoform as a
representative of the DGK family to explore the effects of Gq‐coupled 7TMR stimulation
on the stability of the β‐arrestin‐DGKζ protein complex. Co‐immunoprecipitation
experiments with HA‐DGKζ and endogenous β‐arrestins were conducted in HEK293 cells
endogenously expressing M1 muscarinic receptors at 30‐40 fmol/mg of total protein as
determined by [3H] N‐methyl‐scopolamine binding (data not shown). The observed
results verified the co‐immunoprecipitation of β‐arrestin 1 and 2 with DGKζ (Figure 4‐
2). However, stimulation of M1 receptors with 50μM carbachol or directly stimulating
PKC with 100 nM phorbol ester for 5 minutes had no effect on the amount of β‐arrestin
immunoprecipitated. Similar experiments were conducted for additional Gq‐coupled
receptors, with 1μM lysophosphatidic acid (LPA) and 100 nM angiotensin II used to
stimulate endogenous LPA receptors and transfected angiotensin type 1A receptors
respectively. Results with both agonists were identical to those shown for carbachol
(data not shown). Collectively, these data indicate the β‐arrestins and DGKs exist in a
constitutively formed protein complex within cells.

Having established that β‐arrestins and DGKs can form protein complexes,
experiments were conducted to investigate the role of β‐arrestins in regulation of DGK
activity. FLAG‐β‐arrestins and HA‐DGKζ were transiently transfected into HEK293
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cells, with FLAG immunoprecipitates tested in vitro for DAG kinase activity as described
[115]. Both β‐arrestin isoforms pulled down significantly more DAG kinase activity than
control (Figure 4‐3, upper panel, βarr1 p< 0.05, barr2 p< 0.01), with no statistical
difference observed between β‐arrestin 1 (4.12 fold +/‐ 0.95) and β‐arrestin 2 (4.97 fold +/‐
1.16) in this assay. β‐arrestin immunocomplexes isolated from HEK293 cells stimulated
with either 50μM carbachol or 1μM LPA for 5 minutes were also examined for in vitro
kinase activity (data not shown). However, neither agonist significantly increased the
amount of β‐arrestin associated DAG kinase activity. Endogenous β‐arrestins
immunoprecipitated with rabbit polyclonal antibodies to β‐arrestin 1 and 2 (A1CT and
A2CT) also showed significantly more associated DGK activity than controls (Fig. 4‐3,
lower panel).

In order to better understand the biochemical nature of the β‐arrestin‐DGK
interaction, the site of β‐arrestin binding to DGKζ was mapped using a panel of deletion
mutants originally described by Luo et al [120] and implicated the N‐terminus in β‐
arrestin binding (Figure 4‐4) and finer mapping of this region showed a requirement for
the cysteine‐rich domains in this interaction (Fig. 4‐5). This agrees with our data
showing β‐arrestin interacts with multiple DGKs, as the CRDs are one of two elements
conserved across the entire DGK family (the catalytic domain being the other). The
CRDs are necessary for the translocation of DGKζ [43] and while DAG does not induce
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Figure 4‐3. Co‐immunoprecipitation of DAG Kinase Activity with β‐arrestins. In vitro
DAG kinase assays were performed on FLAG‐ β‐arrestin immunocomplexes as
described [115]. Data were normalized to empty vector transfections and represent the
mean +/‐ SE of four independent experiments. (D) Endogenous β‐arrestins were
immunoprecipitated with rabbit polyclonal antibodies A1CT or A2CT and analyzed as
above. Data were normalized versus pre‐immune rabbit antiserum and represent the
mean +/‐ SE of five independent experiments. Statistical significance was determined
using a Repeated Measures ANOVA with a Bonferroni post‐hoc test to correct for
multiple comparisons (*, p < 0.05; **, p<0.01).
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Figure 4‐3. Co‐immunoprecipitation of DAG Kinase Activity with β‐arrestins
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DGK translocation, receptor stimulation induces robust membrane recruitment [145]:
observations consistent with β‐arrestin‐mediated DGK trafficking.

The critical regions of β‐arrestin required for DGKζ binding were determined
using a series of β‐arrestin 2 truncation mutants (Figure 4‐6). Binding was assayed by co‐
immunoprecipitation of the FLAG epitope‐tagged β‐arrestin mutants with HA‐DGKζ.
As illustrated in Figure 3D, deletion of either the N‐ or C‐terminus of β‐arrestin 2 were
of little consequence: mutants comprised of amino acid residues 1‐253, 1‐300, and 163‐
410 of the wild type sequence are all capable of DGK binding. However, the 1‐176
mutant is not observed in HA‐DGKζ immunoprecipitates. Therefore, the critical
elements of DGKζ binding within β‐arrestin 2 are between amino acids 177 and 253,
residues which correspond to a solvent‐accessible loop in the C‐terminal half of bovine
β‐arrestin as determined from the crystal structure of Han et al [146].

To investigate the functional consequences of β‐arrestin binding on DGK activity
in cells, carbachol‐induced phosphatidic acid production was quantified by 32P
radiolabeling. HEK293 cells transfected with either 400ng of empty vector, FLAG‐β‐
arrestin 1 or FLAG‐β‐arrestin 2 plasmid were treated as described in the Methods
section to extract and separate the labeled lipid species by thin layer chromatography
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Figure 4‐4. Interaction of β‐arrestins with the N‐terminus of DGKζ. (Upper panel)
Schematic diagram showing truncation sites of the DGKζ deletion mutants described by
Luo et al [47]. (Middle panel) Immunoblot probed with anti‐β‐arrestin (A1CT) antibody
to visualize endogenously expressed β‐arrestins co‐immunoprecipated with the FLAG‐
DGKζ mutants. (Lower panel). The same immunoblot stripped and reprobed with anti‐
FLAG antibody. All panels are representative images of four independent experiments.
(CRD, cysteine‐rich domain; Ext CRD, extended CRD motif; MARCKS, myristoylated
alanine‐rich C‐kinase substrate).
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Figure 4‐4. Interaction of β‐arrestins with the N‐terminus of DGKζ
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Figure 4‐5. Interaction of β‐arrestins with the Cysteine‐rich Domains of DGKζ. (Upper
panel) Diagram showing truncation sites of the N‐terminal FLAG‐tagged DGKζ deletion
mutants. (Middle panel) A1CT blot of endogenous β‐arrestins immunoprecipitated with
the FLAG‐DGKζ mutants. (Lower panel) The same immunoblot reprobed with anti‐
DGKζ antibody [115] to visualize equivalent bait immunoprecipitation across samples.
All images are representative of three independent experiments. (CRD, cysteine‐rich
domain; Ext CRD, extended CRD motif; MARCKS, myristoylated alanine‐rich C‐kinase
substrate)
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Figure 4‐5. Interaction of β‐arrestins with the cysteine‐rich Domains of DGKζ
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Figure 4‐6. DGKζ Binds to Amino Acid Residues 177‐253 in the β‐arrestin 2 C‐
terminal Domain. (Upper panel) Western blot of β‐arrestin 2 truncation mutants co‐
immunoprecipitated with HA‐DGKζ. (Middle panel) Anti‐HA probe of HA‐DGKζ
samples confirming comparable protein immunoprecipitation. (Lower panel) Expression
levels of FLAG‐tagged β‐arrestin 2 mutants in HEK293 cell lysates. All panels are
representative of at least four independent experiments.
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Figure 4‐6. DGKζ Binds to Amino Acid Residues 177‐253 in the β‐arrestin 2 C‐terminal
Domain
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(Fig. 4‐7). Quantification of 32P incorporation revealed that vector transfected cells
produced 4.8 +/‐ 0.4 times more radiolabeled PA following 5 minutes of carbachol
stimulation versus non‐treated cells. Furthermore, overexpression of either β‐arrestin 1
or β‐arrestin 2 significantly increased agonist‐induced PA levels to 7.2 +/‐ 0.6 and 8.5 +/‐
0.9 fold over basal, respectively (Figure 4‐7, lower panel, βarr1 p< 0.01, βarr2 p< 0.001).
No significant differences were observed between the basal levels of labeled PA across
treatments.

To further analyze the role played by β‐arrestins in M1 receptor stimulation of
DGK activity, we utilized small interfering RNA (siRNA) to deplete the levels of β‐
arrestins in an endogenous HEK293 experimental system. Western blot analysis of
samples transfected with a β‐arrestin 1 specific siRNA reduced expression of this
isoform by ~80% while the β‐arrestin 2 specific sequence removed ~90% of the
endogenous β‐arrestin 2 protein (Figure 4‐8). As with the overexpression system,
depletion of β‐arrestins had a significant impact on the 32P‐PA generated in response to
carbachol stimulation (Fig. 4‐8, middle and lower panels). Cells transfected with a non‐
silencing control siRNA showed a 2.8 +/‐ 0.4 fold response to agonist, while β‐arrestin 2
siRNA treated cells only produced 1.7 +/‐ 0.2 fold more radioactive PA than baseline
levels (p< 0.05). The effects of depleting β‐arrestin 1 were even more dramatic, reducing
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Figure 4‐7. Positive Influence of β‐arrestin Expression on Carbachol‐Stimulated
Phosphatidic Acid Production. (Upper panel) Immunoblot for β‐arrestins from HEK293
cells transfected with pcDNA3, FLAG‐βarr1, or FLAG‐βarr2. Overexpression of
individual β‐arrestin isoforms is represented by a plus sign preceding the protein
abbreviation. (Middle panel) Phosphorimager screen image of radiolabeled lipids
extracted and separated by thin layer chromatography from β‐arrestin‐ and control‐
transfected cells +/‐ five min, 50 μM carbachol stimulation of endogenous M1 muscarinic
receptor (M1R) (CBC, carbachol; PI, phosphatidylinositol; PA, phosphatidic acid).
(Lower panel) Quantification of carbachol‐stimulated 32P‐PA normalized to non‐
stimulated controls. Values shown represent the mean +/‐ SE from eight independent
experiments. Statistical significance was determined using a one‐way ANOVA with a
Bonferroni post‐hoc test to correct for multiple comparisons (**, p < 0.01 vs. stimulated
pcDNA3; **, p < 0.001 vs. stimulated pcDNA3).
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Figure 4‐7. Positive Influence of β‐arrestin Expression on Carbachol‐Stimulated
Phosphatidic Acid Production
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Figure 4‐8. Depletion of β‐arrestins Impairs Carbachol‐Stimulated PA Production.
(Upper panel) Western blot of β‐arrestins from HEK293 cells treated with β‐arrestin
specific siRNA oligonucleotides. Knockdown of individual isoforms is represented by a
minus sign followed by the siRNA target. (Middle panel) Representative
phosphorimager screen showing 32P‐incorporated lipid species extracted from siRNA
treated cells and separated by thin layer chromatography. (Lower panel) Summary data
of carbachol‐stimulated 32P‐PA production across β‐arrestin siRNA treatments. Values
shown represent the mean +/‐ SE of five independent experiments. Statistical
significance was determined using a one‐way ANOVA with a Bonferroni post‐hoc test
to correct for multiple comparisons (*, p < 0.05 vs. stimulated control cells; ***, p < 0.001
vs. stimulated control cells; †, p < 0.01 vs. non‐stimulated control cells).
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Figure 4‐8. Depletion of β‐arrestins Impairs Carbachol‐Stimulated PA Production
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basal PA to less than half (0.43 +/‐ 0.08 fold) of control (p< 0.001) and limiting the
carbachol‐stimulated response to 0.8 +/‐ 0.1 fold of the control basal state (p< 0.05).

To further validate the RNAi results, we investigated the effect of repleting cells
with exogenously expressed β‐arrestin after siRNA treatment. β‐arrestin 1 depletion was
rescued by simultaneously overexpressing rat β‐arrestin 1 fused to green fluorescent
protein (GFP) in cells transfected with siRNA targeting the human β‐arrestin 1 sequence.
While β‐arrestin 1 proteins from these species are 90% identical, siRNA directed against
human β‐arrestin 1 does not affect expression of rat β‐arrestin 1 because of 6 nucleotide
mismatches within the 21‐base sequence. With an increasing titration of rat GFP‐β‐
arrestin 1 plasmid there was a proportional rise in fusion protein expression to
approximately five times the level of endogenous β‐arrestin 1 expression (Figure 4‐9,
upper panel) and a concomitant augmentation in the incorporation of 32P into PA (Figure
4‐9, middle panel). For the experimentally determined optimum transfection of 100ng
per 10cm plate, GFP‐β‐arrestin 1 repletion restores carbachol‐stimulated PA to 2.0 +/‐ 0.1
fold of control basal levels, representing a 71% rescue (Figure 4‐9, lower panel, p< 0.01)).
This rescue is limited by transfection efficiency as the restoration of agonist‐induced PA
generation is proportional to the percentage of cells expressing GFP as determined by
fluorescence activated cell sorting (data not shown).
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Figure 4‐9. GFP‐β‐arrestin 1 Rescues Agonist‐Stimulated PA in β‐arrestin 1 siRNA‐
treated HEK293 cells. (Upper panel) Anti‐GFP immunoblot showing expression of GFP‐
tagged rat β‐arrestin1 in HEK293 cells treated with siRNA specific for human β‐arrestin
1. (Middle panel) Phosphorimager screen of a representative TLC plate showing
radiolabeled lipids extracted from carbachol‐stimulated β‐arrestin 1 depleted HEK293
cells rescued with increasing amounts rat GFP‐β‐arrestin1. (Lower panel) Summary data
of rescued 32P‐PA production normalized to non‐stimulated control siRNA transfections.
Values shown represent the mean +/‐ SE of three independent experiments. Statistical
significance was determined using a one‐way ANOVA with a Bonferroni post‐hoc test
to correct for multiple comparisons (*, p < 0.05 vs. non‐stimulated cells; **, p < 0.01 vs.
non‐stimulated cells).

84

Figure 4‐9. GFP‐β‐arrestin 1 Rescues Agonist‐Stimulated PA in β‐arrestin 1 siRNA‐
treated HEK293 cells
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Seeking to dissociate the roles of β‐arrestins in receptor desensitization from its
DGK scaffolding function, the β‐arrestin 2 deletion mutants used previously were
screened for use as a dominant negative protein for DGK activity. In this regard, the β‐
arrestin 2 163‐410 mutant, henceforth referred to as βarr0N (β‐arrestin 2 no N‐terminus).
is robustly overexpressed and, like the full‐length β‐arrestins, binds all isoforms of DGK
tested in a co‐immunoprecipitation experiment (Figure 4‐10, upper panel). Additionally,
βarr0N is capable of competing with endogenous β‐arrestins for DGKs and does so in a
dose‐dependent manner (Figure 4‐10, lower panel). At the upper limits of
overexpression tested, the expression of the βarr0N construct was high enough to
saturate the HA‐DGKζ, and eliminate all binding of endogenous β‐arrestins. However,
this mutant lacks residues in the N‐terminus previously implicated as critical for
receptor binding [146] and thus, as expected, βarr0N fails to interact with agonist
stimulated 7TMRs, including the M1 muscarinic receptor, as examined by co‐
immunoprecipitation with dithio‐bis‐maleimidoethane (DTME) cross‐linking (Figure 4‐
11, upper panel). Additionally, the use of βarr0N as a dominant negative protein does
not interfere with the translocation and binding of endogenous β‐arrestins in the same
experiments. Based on this data, βarr0N should retain DGKs in the cytoplasm,
prohibiting translocation of the β‐arrestin‐DGK complex to activated 7TMRs.
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Figure 4‐10. βarr0N Competes with Endogenous β‐arrestins for DGK Binding. (Upper
panel) Western blots of immunoprecipitated FLAG‐βarr0N and co‐immunoprecipitated
HA‐DGKs from HEK293 cells. Cell lysates probed with anti‐HA antibody is also shown.
(Lower panel). Ιmmunoblots of cell lysate (upper) and HA‐DGKζ immunoprecipitates
from HEK293 cells transfected with an increasing titration of βarr0N cDNA. Data are
representative of three independent experiments.
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Figure 4‐10. βarr0N Competes with Endogenous β‐arrestins for DGK Binding
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Figure 4‐11. βarr0N is a Dominant Negative β‐arrestin for DGK Translocation to
Carbachol‐stimulated M1 Muscarinic Receptors. (Upper panel) Western blots probing
with A1CT antibody for endogenous β‐arrestin and transfected βarr0N in HA‐M1ACh
receptor immunoprecipitates after DTME cross‐linking. (Middle panel) Western blots of
Dithio‐bis‐maleimidoethane cross‐linked HA‐M1R immunoprecipitates from HEK293
cells transfected with FLAG‐DGKζ and βarr0N as described. CBC indicates cells were
stimulated with 50μM carbachol for five minutes. (Lower panel) Summary densitometry
data from HA‐M1R cross‐linking blots normalized to non‐stimulated cells transfected
with FLAG‐DGKζ only. Values shown represent the mean +/‐ SE of four independent
experiments. Statistical significance was determined using a one‐way ANOVA with a
Bonferroni post‐hoc test to correct for multiple comparisons (*, p < 0.05 vs. carbachol
stimulated cells lacking HA‐M1 receptor).
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Figure 4‐11. βarr0N is a Dominant Negative β‐arrestin for DGK Translocation to
Carbachol‐stimulated M1 Muscarinic Receptors.
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To assess the functional consequences of β‐arrestin translocation on DGK
activity, HEK293 cells transfected with βarr0N plasmid were compared to cells
transfected with an equal amount of pcDNA3 vector. Lipids from both treatments were
extracted and separated under conditions identical to those above and analyzed for
carbachol‐stimulated 32P‐PA production. The control cells showed a 4.0 +/‐ 0.4 fold
increase in DAG phosphorylation following agonist stimulation, while the βarr0N‐
transfected cells generated roughly half as much (1.9 +/‐ 0.3 fold) radiolabeled PA in the
same experiments (Figure 4‐12, p< 0.05).

4.3 Discussion
Investigation into β‐arrestins as regulators of 7TMR signaling has revealed
progressive levels of complexity, from the desensitization of G protein activity, to
coordination of receptor internalization via clathrin‐coated pits, and most recently as
scaffolds for enzymes responsible for degrading second messenger molecules. The
founding paradigm for this latter function was established with the demonstration that
β‐arrestins recruit PDE4 phosphodiesterase to Gs‐coupled β2‐adrenergic receptors in
response to stimulation by isoproterenol, quenching the second messenger cAMP [108].
Additionally phosphodiesterase activity in isoproterenol‐stimulated membranes and
antagonism of membrane associated PKA were found to be dependent on the formation
of a protein complex with β‐arrestin and PDE4. Here we report the discovery of β‐
arrestin‐mediated regulation of the family of Gq/11‐coupled 7TMRs via an interaction
91

Figure 4‐12. Impeding DGK Translocation with βarr0N Overexpression Inhibits
Carbachol‐Stimulated PA Accumulation. (Upper panel) Phosphorimager screen of
radioactive lipid species extracted from HEK293 cells transfected with either empty
vector (pcDNA3) or βarr0N plasmid and stimulated with 50 μM carbachol for five
minutes (PI, phosphatidylinositol; PA, phosphatidic acid; PIP, phosphatidylinositol 4‐
phosphate). (Lower panel) Summary data of three experiments showing the effect of
βarr0N overexpression on agonist‐induced 32P‐ PA production. Statistical significance
was determined using a paired t‐test (*, p < 0.05 vs. stimulated pcDNA3).
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Figure 4‐12. Impeding DGK Translocation with βarr0N Overexpression Inhibits
Carbachol‐Stimulated PA Accumulation.
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between the β‐arrestins and multiple isoforms of DGK, and the pronounced dependence
of carbachol‐induced PA production on β‐arrestin levels in the cell.

Our data indicate that both β‐arrestins are capable of binding all seven
diacylglycerol kinase isoforms examined, covering four of the five DGK subfamilies.
Given the heterogeneity of structural motifs and tissue expression patterns for this gene
family, this finding represents a significant unifying interaction. In quiescent cells, the
majority of DGKs reside in the cytosol, necessitating translocation to the plasma
membrane to phosphorylate DAG [39]. However, the presence of DAG alone is not
sufficient to induce DGK translocation. It has been shown previously that a global
increase in membrane DAG levels through application of exogenous PLC had a very
weak effect on DGK activity, while receptor stimulation in the same set of experiments
produced a robust response [145]. One explanation for the agonist‐dependent increase in
DAG phosphorylation is β‐arrestin‐mediated recruitment of the DGK into complex with
the active 7TMR. Such a system would provide a significant increase in DGK efficiency,
not only providing the enzyme access to substrate, but also through localization to the
specific sites in the membrane where second messenger generation rates are highest.
This hypothesis is supported by our data from the experiments with the βarr0N
dominant‐negative construct, which cannot bind active receptors, yet still suppresses
agonist induced PA production. This inhibition is in direct contrast to the increase in 32P‐

94

PA observed with full‐length β‐arrestin 1 overexpression (Figure 4‐7), implicating the
interaction of β‐arrestin with agonist‐occupied 7TMRs as essential to DGK function.

One of the largest challenges in defining novel roles for β‐arrestin in signaling is
separating its new functions from its well‐established inhibitory effects on 7TM
receptors. Particular care must be given when manipulating β‐arrestin levels to ensure
the observed phenomenon is not due to alterations in G protein signaling. For example,
in the thin layer chromatography assays above, simultaneous depletion of both β‐
arrestin isoforms with siRNA results in a modest decrease in radiolabeled PA with large
experimental variability (data not shown). This is likely due to the lack of receptor
desensitization we have observed previously under these conditions [113], with the
presence of excess DAG substrate converted to PA by the remaining DGK activity, thus
partially offsetting the loss of β‐arrestin‐associated DGK activity. However, these assays
successfully highlight the novel β‐arrestin‐mediated diacylglycerol kinase activity as
evidenced by enhanced PA production with β‐arrestin overexpression and diminished
PA levels with isoform specific β‐arrestin siRNA. Both results are the opposite of what
would arise from altered desensitization of G q‐coupled receptor signaling.

Though both β‐arrestin isoforms are capable of binding DGKs and promoting
agonist‐dependent DAG phosphorylation in vitro and in HEK293 cells, it is equally clear
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that β‐arrestin 1 and 2 are not identical with respect to these functions. However, at this
time it remains unclear as to the nature and consequences of β‐arrestin selectivity. As
illustrated in Figure 4‐2, β‐arrestin 2 is present in greater levels than β‐arrestin 1 in HA‐
DGKζ immunoprecipitates, despite the converse observation (βarr1 > βarr2) in the cell
lysates. Additional evidence for β‐arrestin isoform selectivity is seen in the experiments
mapping the DGKζ residues required for β‐arrestin binding (Figure 4‐4). FLAG‐DGKζ
shows a pattern of greater β‐arrestin 1 recruitment relative to β‐arrestin 2 but the ΔM
deletion shows a preference for β‐arrestin 2.

This may implicate the MARCKS domain in β‐arrestin 1 binding, as all mutants
containing this domain exhibit the same pattern as the full length DGKζ. This would be
particularly intriguing as phosphorylation state of the MARCKS domain determines
nuclear versus cytoplasmic localization of DGKζ [144], and β‐arrestin 1 but not β‐
arrestin 2 exhibits nuclear localization in addition to the cytoplasm [112, 147].
Additionally, depletion of β‐arrestin 1 resulted in significantly less radiolabeled PA than
β‐arrestin 2 in non‐stimulated samples. While this difference may reflect a preference of
the M1 muscarinic receptor for binding β‐arrestin 2 [148] and subsequent loss of tonic G
protein desensitization, this data suggests that β‐arrestin 1 may play a role in
maintaining basal levels of PA in the cell. Additional experiments with different 7TMRs
or other DGK isoforms should provide additional insight into these questions.
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These findings may also explain additional unanswered questions surrounding
the biology of the diacylglycerol kinases. The CRD domains are one of two elements
conserved across the ten‐member DGK family (the catalytic domain being the other)
and, as discussed above, the capacity to bind β‐arrestins is also conserved for at least the
seven DGK isoforms tested here. In confocal microscopy experiments with GFP‐tagged
mutants of DGKζ, Santos et al. implicate the CRD domains as requirements in
translocation of the kinase [43]. Yet, while the CRD domains of PKC are responsible for
binding DAG, most DGK CRD domains do not bind DAG analogues such as phorbol
12,13‐dibutyrate (PDBu), and based on analysis of amino acid sequences, it has been
hypothesized that the DGK CRD domains may be structurally incapable of DAG
binding [149]. Additional evidence exists implicating these domains in protein‐protein
interactions, as it has been recently shown that Rac1 directly binds the CRD domains of
DGKζ [150]. Furthermore, using deletion mutants of DGKζ, we identify that the primary
β‐arrestin binding sites reside in the CRD domains. Thus, we hypothesize the CRDs are
conserved as a protein‐protein interaction modules necessary for the DGK family to
bind β‐arrestins and thereby translocate to the plasma membrane specifically following
7TMR stimulation. Additional mutagenesis is necessary to test this hypothesis, as well as
to determine the specific residues involved in forming the protein complex.
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While translocation of the DGKs is essential to the production of PA, it is not
sufficient for full activation of the enzymes. Modulation of DGK activity by intracellular
calcium levels [151, 152], lipid species [153, 154], and phosphorylation [144, 155‐158] has
been reported for various DGK isoforms. While these diverse regulatory mechanisms
are highly specialized and can lead to differential regulation of DGK isoforms, in many
cases the interaction with β‐arrestin may serve to provide a scaffold for efficient control
of kinase activity. For example, phosphorylation of C‐terminal residues in DGKζ by the
mitogen‐activated protein kinase ERK has been shown to regulate the interaction of this
isoform with the actin cytoskeleton [159]. ERK is also a known β‐arrestin binding
partner, with β‐arrestin‐dependent activation of ERK characterized by persistent,
cytoplasmic localization of phospho‐ERK following receptor stimulation [83, 85]. Also
intriguing are the cases of DGK activity regulated by the tyrosine kinase Src. Davidson
et al. have reported an agonist‐dependent interaction between DGKζ and Src which
positively enhances DAG kinase activity and is concurrent with translocation of the
protein complex to the plasma membrane [158]. β‐arrestin‐scaffolded Src is also a well‐
established signaling system [86, 89] and is consistent with the previously observed
DGK phenomena. Future experiments utilizing RNAi or pharmacological inhibition of
regulatory enzymes known to bind β‐arrestin may elucidate additional levels of DGK
modulation.
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As discussed above, a growing number of signaling pathways are being
discovered that utilize PA as an effector, making the DGKs a critical molecular ‘switch’,
turning off DAG‐dependent signaling (such as PKC), and activating pathways
stimulated by PA. Of particular interest is the PA‐dependent activation of Raf and the
small G protein RhoA. The phosphorylation of MEK by Raf‐1 has been shown to play a
role in the G protein‐independent but β‐arrestin‐dependent activation of ERK 1/2 [80, 83,
84]. Similarly, Barnes et al have shown activation of RhoA and subsequent stress fiber
formation requires β‐arrestin 1; a phenomenon whose precise mechanism remains
unknown [64]. Future experiments will focus on the potential involvement of one or
more DGK isoforms in these and other β‐arrestin signaling pathways and may establish
a ‘second wave’ of PA signaling from the β‐arrestin‐DGK‐receptor complex.
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5. Endocytosis of the β2-AR Requires β-arrestin
Scaffolding of Phosphatidylinositol 4-Phosphate 5Kinase

5.1 Introduction
For a cell to sense and adapt to changing surroundings it must be able to convert
extracellular cues to intracellular responses and for human cells, many of these signals
are transduced by seven transmembrane receptors (7TMRs). The 7TMRs are integral
membrane proteins defined by seven α‐helical membrane‐spanning segments and
comprise the largest group of mammalian cell‐surface receptors with nearly one
thousand members [1, 2]. This receptor superfamily is responsive to a wide variety of
stimuli, including hormones, neurotransmitters, odorants and light but despite the
diversity of ways to activate these receptors, their mechanisms of action are
fundamentally conserved.

In response to agonist stimulation, the 7TMR alters its intracellular conformation
to promote activation of one or more heterotrimeric guanine nucleotide binding proteins
(G proteins). The association of a G protein with a 7TMR (also known as a G protein
coupled receptor or GPCR) causes the G α subunit to exchange its bound GDP molecule
for GTP (reviewed in [4, 5]). This causes a conformational change leading to dissociation
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of Gα and Gβγ heterodimer. Both Gα and Gβγ are capable of interacting with specific
effector proteins to generate second messenger molecules, which then trigger
intracellular signaling cascades.

Termination of signal transduction cascades and proper regulation of cellular
responses to stimuli are fundamentally essential for cellular function. Conceptually,
7TMRs can be thought of as molecular switches, turning on signaling in response to
agonist. Before the system can be made to respond to a subsequent stimulus, the signals
must be turned off and the switch reset. Failure to keep these signaling pathways in
check leads to undesirable physiological consequences including uncontrolled cell
growth and tumorigenesis [21], vascular hypertrophy [22], and heart failure [22, 23].
7TMRs can be silenced in a highly conserved, two‐phase manner known as homologous
desensitization [50]. The ligand‐occupied 7TMR is phosphorylated on serine and
threonine residues in the cytoplasmic C‐terminal tail and third intracellular loop by a G
protein‐coupled receptor kinase (GRK) [124]. The second phase of homologous
desensitization is the stoichiometric binding of arrestin proteins to GRK phosphorylated
7TMRs. Binding of arrestins sterically occludes the sites of receptor‐G protein
interaction, decreasing G protein activation by up to 80% and limiting the 7TMR’s
responsiveness to repeated stimulation [52, 54]. Furthermore, recent studies have shown
β‐arrestins scaffold multiple isoforms of phosphodiesterases (PDEs) [108] and
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diacylglycerol kinases (DGKs) [65], enzymes which metabolize the second messenger
molecules cAMP and diacylglycerol, to enhance the efficiency of 7TMR signal
quenching.

While desensitization of 7TMRs begins the silencing of G protein signals within
seconds of activation, it has become well established that over the span of several
minutes, agonist‐occupied receptors are also internalized from the cell surface [67]. This
sequestration not only removes the 7TMR from proximity to the membrane‐associated G
proteins, but also serves to initiate processes such as receptor dephosphorylation and
recycling, or proteolytic degradation [1, 160]. 7TMRs are capable of internalizing by
various mechanisms. However, the most prevalent pathway for receptor endocytosis is
via clathrin‐coated pits, where β‐arrestins play a major role [70, 74]. β‐arrestins, but not
visual arrestins, bind the β2 adaptin subunit of the heterotetrameric AP‐2 adaptor
complex and all arrestins have a high affinity for clathrin. These proteins bind β‐
arrestins in vitro through LIEF (clathrin) [70] and RxR (AP‐2) [74] amino acid motifs
located within the C‐terminal domain of β‐arrestin 1 and β‐arrestin 2. Mutation of these
residues ablates 7TMR sequestration, but has no deleterious effects on β‐arrestin
translocation to the membrane or its ability to bind GRK‐phosphorylated 7TMRs. It is
through these elements that β‐arrestins connect the stimulated 7TMR cargo to clathrin‐
mediated endocytosis.
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Formation of a clathrin‐coated pit begins with a nucleation event involving AP‐2
and clathrin with membrane phosphoinositides, in particular with PIP2, which has
enriched concentrations in the plasma membrane [161, 162]. As its outer clathrin layer
begins to polymerize, the vesicle incorporates additional PIP2 binding proteins involved
in trafficking and endocytosis, including AP180/CALM [163], epsin [164] and the large
GTPase dynamin [165]. Regulation of PIP2 concentrations in this process is critical, as
evidenced by observations in neurons of mice lacking the gene for the PIP2 phosphatase
synaptojanin I. Synaptojanin I knockout cells show elevated levels of PIP2 in the plasma
membrane and a synaptic accumulation of clathrin‐coated vesicles, which is believed to
be responsible for the perinatal lethal phenotype in these animals [166].

Additional findings also implicate the production of PIP2 by type I
phosphatidylinositol‐4‐phosphate 5‐kinases as key factors in clathrin‐coated pit
endocytosis [167]. The PIP5K family of enzymes is composed of three isoforms: α, β, and
γ. Individual isoforms have been attributed specific roles in contributing PIP2 for
clathrin‐mediated internalization with human PIP5K Iβ involved in constitutive
endocytosis [168] and the α and γ isoforms directing stimulus‐dependent sequestration
pathways [169, 170]. Knockout mice for PIP5K Iγ, the primary isoform in brain tissue,
show misdirected synaptic vesicle trafficking and impaired receptor‐mediated uptake of
transferrin [161]. PIP5K Iα (designated PIP5K Iβ in mice) is believed to perform these
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functions in non‐neuronal cells. Enzymatic activity of the PIP5Ks has been shown to be
positively regulated through the non‐receptor tyrosine kinase Src and the small GTPase
ARF6 [161, 171] as well as phosphatidic acid (PA) [172] in the plasma membrane. PA
produced by either phospholipase D or diacylglycerol kinases (DGKs) have been shown
to upregulate PIP5K activity 20‐fold in vitro [173]. Furthermore, PIP5K Iα has been
shown to interact with DGKζ in an agonist‐dependent manner, suggesting a mechanism
for PA co‐localization with a PIP5K [47].

As β‐arrestins serve as a hub for 7TMR internalization components, such as
clathrin and AP‐2, and the DGK family of enzymes, we hypothesized β‐arrestins may
regulate PIP5K activity, specifically the PIP5K Iα isoform, given its role in agonist‐
dependent of receptors in non‐neuronal cell types [169]. We report here data supporting
the concept of β‐arrestin binding PIP5K Iα and recruiting this kinase to 7TMRs, which
then increases receptor‐localized pools of PIP 2, ultimately promoting receptor
internalization via clathrin‐coated pits.

5.2 Results
To test whether β‐arrestins can interact with PIP5K, FLAG epitope‐tagged β‐
arrestin 1 and 2 were overexpressed in HEK293 cells co‐transfected with Myc‐PIP5K Iα.
Immunoprecipitation of the kinase showed a preferential binding of FLAG β‐arrestin2
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over FLAG β‐arrestin1, with both proteins detected at levels above vector controls
(Figure 5‐1). Furthermore, stimulation of endogenous M1 muscarinic receptors with
50mM carbachol for 5 minutes increased the amount of β‐arrestin2 co‐
immunoprecipitated by an average of 2.60 +/‐ 0.48 fold over non‐stimulated samples.
Comparable results were observed for HEK293 cells treated with 1μM isoproterenol
(Iso) and 1U / mL thrombin acting on stably overexpressed β2‐adrenergic receptors (β2‐
ARs) and endogenous protease‐activated receptors (PARs) respectively (Figure 5‐2).
Supporting these data, immunoprecipitation of FLAG β‐arrestins from carbachol‐
stimulated cells showed co‐immunoprecipitation of endogenous PIP5K Iα also with a
2.36 +/‐ 0.37 fold increase in agonist‐stimulated complex formation (Figure 5‐3).

105

Figure 5‐1. β‐arrestins Co‐immunoprecipitate with PIP5K Iα in HEK293 Cells.
(Upper panels) Western blots of Myc immunoprecipitates and lysates from HEK293 cells
co‐transfected with His6‐Myc‐PIP5K Iα and either empty vector, FLAG β‐arrestin1 or
FLAG β‐arrestin2. Where indicated, endogenous M1 muscarinic receptors were
stimulated with 50 μM carbachol (CBC) for five minutes. Immunoblots shown are
representative of four independent experiments. (Lower panel) Quantification of FLAG‐
β‐arrestin co‐immunoprecipitating with His6‐Myc‐PIP5K Iα. All data were normalized to
non‐stimulated β‐arrestin2 levels. Statistical significance for both β‐arrestins was
determined by an unpaired t‐test comparing stimulated vs. non‐stimulated for each
isoform (*, p < 0.05).
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Figure 5‐1. β‐arrestins Co‐immunoprecipitate with PIP5K Iα
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Figure 5‐2. Stimulation of Multiple 7TMRs Can Increase Association of β‐arrestin2
with PIP5K Iα. Western blots of β‐arrestin 2 co‐immunoprecipitated with His6‐Myc‐
PIP5K Iα from HEK293 cells transiently overexpressing the angiotensin type 1a receptor
(AT1aR) or β2‐adrenergic receptor (β2‐AR) as indicated. Cells were stimulated for 5
minutes with either 1U/mL thrombin (acting on endogenous PAR receptors), 100 nM
angiotensin II, or 10 μM isoproterenol prior to lysis. Images are representative of three
independent experiments.
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Figure 5‐2. 7TMR Stimulation of Multiple 7TMRs Can Increase Association of β‐arrestin 2 with PIP5K Iα
Figure 5‐2. 7TMR Stimulation of Multiple 7TMRs Can Increase Association of β‐arrestin
2 with PIP5K Iα
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Figure 5‐3. Endogenous PIP5K Iα Preferentially Binds β‐arrestin 2 in Carbachol‐
stimulated HEK293 Cells. Immunoblots of endogenous PIP5K Iα (Upper panel) co‐
immunoprecipitated from HEK293 cells with overexpressed FLAG β‐arrestin proteins
(Lower panel). Where indicated, endogenous M1 muscarinic receptors were stimulated
with 50 μM carbachol (CBC) for five minutes. Immunoblots shown are representative of
four independent experiments. (Lower panel) Quantification of endogenous PIP5K Iα
co‐immunoprecipitating with FLAG‐β‐arrestins. All data were normalized to non‐
stimulated β‐arrestin2 levels. Statistical significance for both β‐arrestins was determined
by an unpaired t‐test comparing stimulated vs. non‐stimulated for each isoform (*, p
<0.05).
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Figure 5‐3. Endogenous PIP5K Iα Preferentially Binds β‐arrestin 2 in an Agonist‐
dependent Manner
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We hypothesized β‐arrestin and PIP5K Iα may interact indirectly through DGKζ
[47] AP‐2, or clathrin. These are PIP5K Iα binding partners and also known to bind β‐
arrestins [65, 69, 70]. However, examination of two β‐arrestin2 truncation mutants
consisting of amino acid residues 1‐80 and 1‐176, previously shown not to bind DGKζ,
effectively bind to PIP5K Iα and β‐arrestin2 mutants lacking the C‐terminal LIEF and
RXR residues needed to bind clathrin and AP‐2 also bind PIP5K Iα. These data suggest
an alternate mechanism of β‐arrestin‐PIP5K interaction (Figure 5‐4). Additional data
from screening more β‐arrestin truncation mutants demonstrated that unlike DGKζ, AP‐
2, and clathrin, PIP5K Iα is capable of binding to elements of both the N‐ and C‐terminal
domains of β‐arrestin.

The duration and strength of β‐arrestin‐PIP5K binding appears to correlate with
the activation state of 7TMRs. Endogenous PAR receptor stimulation showed a very
transient time course for β‐arrestin‐PIP5K Iα interaction, with maximum co‐
immunoprecipitation between 5 and 15 minutes and levels returning to basal within 30
minutes (Figure 5‐5, upper panel). However, examination of HEK293 cells stably
overexpressing FLAG‐tagged β 2‐ARs and stimulated with 1μM Iso showed a prolonged,
more stable binding of these proteins to 30 minutes (Figure 5‐5, middle panel). This
difference is the likely the result of the inability of the endogenous endocytic machinery
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to rapidly internalize the overexpressed 7TMRs, reflecting the need for an extended
recruitment of PIP5K to form clathrin‐coated pits.
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Figure 5‐4. β‐arrestins bind PIP5K Iα Independent of Association with DGKζ, AP‐2 or
Clathrin. Western blots of endogenous PIP5K Iα (Upper and Middle panels) co‐
immunoprecipitated in FLAG immunoprecipitates from HEK293 cells were transfected
with empty vector (PCDNA3), full‐length FLAG‐β‐arrestin 2, or FLAG‐tagged β‐arrestin
2 truncation mutants (Lower panel). Interestingly, the mutant containing β‐arrestin 2
residues 1‐176 was shown previously not to bind to DGKζ [65] but was never observed
to immunoprecipitate PIP5K Iα. The consensus LIEF and RXR motifs required for β‐
arrestin binding of the endocytic proteins AP‐2 and clathrin are found in the C‐terminal
region of the protein. However, β‐arrestin2 mutants lacking these residues also bind
PIP5K Iα. Images shown are representative of three independent experiments.
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Figure 5‐4. β‐arrestins bind PIP5K Iα Independent of Association with DGKζ, AP‐2 or
Clathrin
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Figure 5‐5. Time Courses of β‐arrestin‐PIP5K Iα Association in Thrombin‐ and
Isoproterenol‐Stimulated HEK293 Cells. (Upper panels) Immunoblots of endogenous
PIP5K Iα co‐immunoprecipitated with HA‐β‐arrestin 2 from HEK293 cells stably
overexpressing FLAG β2‐AR. Cells were stimulated through endogenous PAR receptors
(with 1 U/mL thrombin) or the overexpressed β2‐AR (10 μM iso) for the times indicated
before lysis. Images shown are representative of at least four independent experiments.
(Lower panel) Quantification of the above time courses expressed as a percentage of the
maximum co‐immunoprecipitation observed in each experiment. Statistical comparison
of the curves was performed by using a two‐way ANOVA between thrombin‐stimulated
and isoproterenol stimulated cells (*, p < 0.05).
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Figure 5‐5. Time Courses of β‐arrestin‐PIP5K Iα Association in Thrombin‐ and
Isoproterenol‐Stimulated HEK293 Cells
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In addition to physically associating in HEK293 cells, β‐arrestin2 and PIP5K Iα
show a synergistic effect on PIP2 production in a cellular context. With both proteins at
endogenous levels of expression, CBC stimulation of endogenous M1 muscarinic
receptors slightly decreases PIP2 concentrations as assayed by thin layer
chromatography of 32P‐labeled lipids (Figure 5‐6). This is consistent with Gq‐mediated
activation of phospholipase C and PIP2 hydrolysis. Overexpression of PIP5K Iα very
slightly increases PIP2 levels in these experiments. However, increasing amounts of β‐
arrestin2 cDNA significantly enhances agonist‐stimulated radiolabeled PIP2 production
2.31 +/‐ 0.31 fold in these cells, but not in cells without co‐transfected PIP5K.

Also, β‐arrestins appear to mediate the interaction of PIP5K Iα with 7TMRs.
Endogenous PIP5K Iα co‐immunoprecipitates with stably overexpressed β2‐ARs in
HEK293 cells in an agonist‐dependent manner as demonstrated by
dithiobis(succinimidyl)propionate (DSP) cross‐linking experiments (Figure 5‐7 upper
panels). Depletion of β‐arrestin 2 by RNAi greatly reduces the amount of PIP5K found
with the receptor in these experiments. Furthermore, pre‐incubation of cells with 1μM
R59949, a DGK inhibitor, also ablated this interaction (Figure 5‐7, middle panels).
Collectively, these data suggest the active conformation of PIP5K Iα induced by DGK‐
produced PA is required for both β‐arrestin binding and subsequent recruitment of the
kinase to the 7TMR protein complex.

118

Figure 5‐6. Overexpression of β‐arrestin and PIP5K Iα Synergistically Enhance
Stimulus‐dependent PIP2 Production. Upper panel. Representative phosphorimager
image of whole‐cell 32P‐labeled lipids from HEK293 cells separated by TLC as described
previously [65]. Cells were co‐transfected with FLAG‐β‐arrestin 2 and His6‐Myc‐PIP5K
Iα and stimulated with 50 mM carbachol as indicated. Spots were identified by
migration relative to iodine‐stained lipid standards. Lower panel. Densitomitry
quantification of radiolabeled PIP2 from the above images. Spot volumes were equalized
for total protein in each sample and normalized to control transfected non‐stimulated
cells. Values shown represent the mean +/‐ SE from three independent experiments.
Statistical significance was determined using a one‐way ANOVA with a Bonferroni
post‐hoc test to correct for multiple comparisons (***, p < 0.001 vs. non‐stimulated
control).
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Figure 5‐6. Overexpression of β‐arrestin and PIP5K Iα Synergistically Enhance Stimulus‐
dependent PIP2 Production
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Figure 5‐7. The Interaction of PIP5K Iα with the β2‐AR is Agonist‐ and β‐arrestin‐
dependent and is blocked by R59949. (Upper panels) Western blots of FLAG
immunoprecipitates with DSP cross‐linking from HEK293 cells stably overexpressing
FLAG‐β2‐AR transfected with either control (CTL) or β‐arrestin 2 specific siRNA (SA3).
Immunoblots were probed for endogenous PIP5K Iα co‐immunoprecipitation with the
receptor and subsequently reprobed for endogenous β‐arrestin with A1CT and the
immunoprecipitated β2‐AR. Cells were stimulated 5 minutes with 10 μM isoproterenol as
indicated. Images shown are representative of two independent experiments with
additional replicates in progress. (Middle panels) Western blots of cross‐linked FLAG‐
β2‐AR immunoprecipitates from HEK293 cells stably overexpressing the receptor,
preincubated with either the DGK inhibitor R59949 or vehicle (DMSO). Immunoblots
were probed for endogenous PIP5K Iα co‐immunoprecipitation with the receptor and
subsequently reprobed for endogenous β‐arrestin and β2‐AR. Cells were stimulated 5
minutes with 10 μM isoproterenol as indicated. Images shown are representative of two
independent experiments with additional replicates in progress. (Lower panels)
Densitometry quantification of receptor‐associated PIP5K Iα from the above experiments
with data normalized to non‐stimulated control treatments.

Figure 5‐7. The Interaction of PIP5K Iα with the β2‐AR is Agonist‐ and β‐arrestin‐
dependent and is blocked by R59949
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To further investigate the role of β‐arrestins in PIP5K activation and targeting,
we examined a rat β‐arrestin 2 mutant with amino acids R233, R237 and K251 mutated
to glutamine (RRK/Q) (Figure 5‐8). This is a homologue of a previously described bovine
β‐arrestin 2 mutant which was shown to be deficient in phosphoinositide and inositol
hexakisphosphate (IP6) binding, but retained the ability to interact with clathrin and a
7TMR (rhodopsin) in vitro [174]. However, despite binding receptors and clathrin
equally as well as wild type β‐arrestin 2, the mutant was significantly impaired in its
ability to direct receptor internalization when transfected into COS cells. At the time,
this deficiency was attributed to PIP2 and PIP3 providing additional sites of membrane
attachment for β‐arrestins recruited to 7TMRs. However, unlike wild type β‐arrestin 2,
the RRK/Q mutant does not show the agonist‐stimulated interaction with PIP5K
Iα exhibited by the wild type protein. This suggests that a defect in receptor‐localized
PIP2 production and clathrin‐coated pit formation, rather than elimination of the positive
charges in the β‐arrestin 2 phosphoinositide binding pocket, may be responsible for the
mutant’s inability to internalize receptors (Figure 5‐8, lower panel).

Testing this hypothesis, we transfected COS cells with FLAG‐tagged β2‐AR and
either wild type β‐arrestin 2, RRK/Q β‐arrestin 2, or RRK/Q β‐arrestin 2 fused in frame
with the core catalytic domain of PIP5K Iα. We then stimulated samples for 30 minutes
with 1μM Iso and quantified the amount of antibody accessible FLAG epitope as
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Figure 5‐8. The β‐arrestin 2 RRK/Q Mutant Does Not Increase PIP5K Iα Binding After
Thrombin Stimulation. (Upper panel) Ribbon diagram of β‐arrestin 2 highlighting the
residues previously implicated in phosphoinositide and IP6 binding at the positions of
K232, R236, and K250 in bovine β‐arrestin 2 [174]. (Middle panels) Immunoblots of Myc
immunoprecipitates from HEK293 cells overexpressing His6‐Myc‐PIP5K Iα and either
PCDNA3 vector, rat GFP‐β‐arrestin 2, or rat GFP‐β‐arrestin 2 RRK/Q (mutation of the
above PI‐binding residues to glutamine in the rat orthologue). Where indicated, cells
were stimulated with 1U/mL thrombin for five minutes. Images shown are
representative of four independent experiments. (Lower panel) Densitometry data from
the above experiment normalized to wild type β‐arrestin2 non‐stimulated samples.
Statistical significance for thrombin‐stimulated association was determined by an
unpaired t test for both treatments (*, p < 0.05)
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Figure 5‐8. The β‐arrestin 2 RRK/Q Mutant Does Not Increase PIP5K Iα Binding After
Thrombin Stimulation
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assayed by fluorescence activated cell sorting (FACS) before and after stimulation.
Receptor internalization in this procedure is defined as the percent loss of cell surface‐
bound fluorescein‐conjugated antibody after stimulation (Figure 5‐9). Cells transfected
with receptor alone showed virtually no internalization, which was increased to ~40%
with the addition of wild type β‐arrestin2 plasmid. Consistent with previous reports,
RRK/Q endocytosis was dramatically less than wild type β‐arrestin2, with
approximately 5% internalization. However, fusing the core kinase domain of PIP5K Iα
to the β‐arrestin2 RRK/Q mutant rescued internalization to approximately half that of
wild type. This suggests that restoring local PIP 2 production at the receptor may
overcome the deficiency which cripples the RRK/Q mutant with respect to agonist‐
stimulated internalization.
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Figure 5‐9. Fusion of the Core Kinase Domain of PIP5K Iα to β‐arrestin 2 RRK/Q
Rescues β2‐AR Endocytosis. Internalization of β2‐AR in response to isoproterenol‐
stimulation measured by FACS. COS cells were transfected with empty PCDNA3 vector
and either FLAG‐β‐arrestin 2, FLAG‐β‐arrestin2‐RRK/Q, or the FLAG‐ β‐arrestin2‐
RRK/Q‐5‐kinase (RRK5K) fusion protein to produce equivalent levels of β‐arrestin
expression. Internalization for each sample was quantified as the percentage loss of FITC
antibody‐accessable FLAG epitope after 30 minute stimulation with 10 μM
isoproterenol. The graph shown is representative of two experiments with additional
replicates in progress.
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Figure 5‐9. Fusion of the Core Kinase Domain of PIP5K Iα to β‐arrestin 2 RRK/Q
Rescues β2‐AR Endocytosis
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5.3 Discussion
Both β‐arrestins and PIP2 produced by the PI(4)P 5‐kinase family of enzymes
have become well established molecules required for the efficient endocytosis of agonist‐
stimulated 7TMRs via clathrin‐coated pits. The β‐arrestins interact with clathrin [70, 73]
and the clathrin adaptor AP‐2 [69], connecting these core components of the endocytic
machinery with their receptor cargo. Additionally, eliminating β‐arrestin expression
either by genetic deletion [71] or RNAi [113] has been shown to significantly inhibit
internalization for many cell surface receptors. PIP2 is essential for providing membrane
attachment for endocytic accessory proteins such as AP‐2, AP180, epsin and dynamin as
well as stabilizing conformations of these proteins for clathrin binding and vesicle cargo
recognition (reviewed in [162]). Altering PIP2 homeostasis, either by knocking‐out
PIP5Ks [168] or overexpressing of a membrane‐targeted 5‐phosphatase synaptojanin‐1
(SJ‐1) construct [161] causes gross defects in clathrin‐coated pit formation.

In this report we have shown that β‐arrestins and PIP5K Iα physically interact at
stimulated 7TMRs to increase concentrations of PIP2 and phosphatidic acid in receptor‐
localized pools and coordinate the processes of clathrin‐coated pit formation and
endocytosis. β‐arrestins bind PIP5K Iα in an agonist‐dependent manner and recruitment
of PIP5K Iα to isoproterenol‐stimulated β2‐ARs is ablated in HEK293 cells transfected
with β‐arrestin specific siRNAs. Interestingly, this interaction requires phosphoinositide
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binding by β‐arrestin and activation of PIP5K Iα by PA produced by β‐arrestin‐
scaffolded DGKs [65] in a “dual‐key” mechanism of regulation. A β‐arrestin 2 mutant
unable to bind phosphoinositides [174] does not increase association with PIP5K Iα in
response to agonist and R59949, an inhibitor of DAG kinase, blocks the ability of PIP5K
Iα to be recruited into complex with the β2‐AR. Collectively, these data suggest lipid
binding may promote conformational changes in both PIP5K Iα and β‐arrestin to allow
for their interaction and the requirement for PA and PIP2 in this interaction provides a
novel means of cross‐regulation. The β‐arrestin‐PIP5K Iα interaction is only enabled
with the coincidence of both partners at the plasma membrane to ensure the fidelity of
the signal. Finally, in addition to receptor targeting, the β‐arrestins also promote PIP5K
Iα activity through DGKs and PA, which increases PIP5K activity approximately 20 fold
as assayed in vitro [173]. This data is evidence of a “second wave” of signaling initiated
by β‐arrestin‐dependent PA production acting through PIP5K Iα as an effector.
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Figure 5‐10. A Model of β‐arrestin‐PIP5K Iα Coordinated Clathrin‐Coated Pit
Formation and Receptor Endocytosis. Upper panel. Illustration of β‐arrestin
recruitment to a GRK‐phosphorylated, agonist‐occupied 7TMR. Middle panel. Upon
reaching the receptor, β‐arrestins can interact with PIP2 and PIP3 in the plasma
membrane, promoting a β‐arrestin conformation capable of interacting with PIP5K Iα.
This interaction also requires the presence of PA, which is produced by β‐arrestin
mediated receptor recruitment [65]. Lower panel. Binding β‐arrestin localizes PIP5K Iα
to the activated 7TMR where it may enrich the local pool of PIP2, thereby promoting
clathrin‐AP2 nucleation. This event initiates the formation of clathrin cage for 7TMR
sequestration.
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Figure 5‐10. A Model of β‐arrestin‐PIP5K Iα Coordinated Clathrin‐Coated Pit Formation
and Receptor Endocytosis
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The discovery of PIP5K Iα as a novel β‐arrestin binding partner also generates
very interesting hypotheses for future study. In addition to regulating the interaction of
clathrin and AP‐2, PIP2 can promote actin polymerization [175, 176] as well as
stimulating WASP, ARP2/3 and cofilin and activate many other key proteins regulating
cytoskeletal rearrangement (reviewed in [177]). PIP2 also serves as a substrate for PI 3‐
kinase to produce phosphatidylinositol 3,4,5‐trisphosphate (PIP3), which promotes anti‐
apoptotic signaling and is required for chemotaxis [178]. Interestingly, β‐arrestin has
been implicated as a signaling node in both of these processes. β‐arrestin‐dependent
chemotaxis has been demonstrated for many chemokine 7TMRs including CXCR4 [179],
PAR‐2 [180], and the AT1aR [181]. Additionally, in the latter case, the β‐arrestin
chemotactic pathway was shown to be active independent of G protein activity. Finally,
β‐arrestin‐dependent events are required for signaling pathways both upstream and
downstream of PI 3‐kinase. β‐arrestin 1 is absolutely required for IGF‐1‐stimulated PI3K
activity in MEF cells [100], while β‐arrestin 2 influences dopaminergic behaviors by
promoting inactivation of Akt, the best studied PIP3 effector, by scaffolding Akt with its
negative regulator, protein phosphatase 2a [105]. Future investigation will determine if
any or all of these signaling pathways require β‐arrestin‐scaffolded PIP5K activity and
receptor‐localized PIP2 production.
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It is also likely that other PA‐dependent proteins may use this mechanism for
their activation. Raf‐1 [142], sphingosine kinase 1 [182], p21‐activated kinase (PAK)
[183], protein phosphatase 1 (PP1) [184] and PDE4D3 [185] are among the many
reported effectors of phosphatidic acid. While many of these enzymes can intuitively fit
within a theoretical model of β‐arrestin‐mediated PA signaling, they have proven
difficult to examine, largely due to the overwhelming number of factors which can affect
these proteins. PKA, PKC and small G proteins such as Rac and Rho as well as many
other regulatory enzymes converge on these reported PA targets. This makes the task of
dissecting the PA‐dependent component of these signals extremely challenging, often
with irreproducible results. Ideally, with the definition of clear and distinct PA‐activated
pathways in the future, the role of the β‐arrestin‐DGK complex as a signal initiator can
be investigated.

While the lists of β‐arrestin binding partners and signaling pathways continue to
expand at a very rapid pace, relatively little progress has been made towards
understanding the mechanisms regulating β‐arrestin conformational changes and
governing the dynamics of its binding partner interactions. Recent advances have been
made using mass spectrometry techniques to identify limited tryptic digestion β‐arrestin
2 peptides, showing rearrangement of both the N‐ and C‐terminal domains (as indicated
by a change in the accessability of trypsin cleavage residues) in the presence of a
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phospho‐peptide derived from the cytosolic tail of the V2 vasopressin receptor [186].
However, without a high resolution structure of the “active” conformation or
conformations of β‐arrestin, information regarding the changes induced by binding to
7TMRs is likely to remain limited. Ideally, an active β‐arrestin co‐crystalized with a
binding partner protein would provide a great deal of insight as to the stimulus‐induced
structure of β‐arrestin and the β‐arrestin protein‐protein interface with the binding
partner.

β‐arrestin post‐translational modification or allosteric binding of a cofactor may
be involved in altering the conformation of β‐arrestin into an active state. Precedent for
this method of regulation has been previously shown for β‐arrestin 1 where serine 412 is
rapidly dephosphorylated upon membrane translocation and receptor binding. Only
this dephosphorylated form of β‐arrestin 1 is capable of interacting with clathrin [187].
Modification of β‐arrestins through ubiquitination is another example of post‐
translational modification which affects 7TMR internalization by “locking” the β‐arrestin
on to the activated receptor. It remains to be investigated if a post‐translational
modification such as phosphorylation or ubiquitination alters β‐arrestin‐mediated lipid
signaling [77]. Additionally, the ability of β‐arrestin to interact with phosphoinositides is
required for interaction with PIP5K Iα. If in fact phosphoinositide binding alters β‐
arrestin conformation, additional binding partners may show different affinities for this
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state as opposed to the “inactive” β‐arrestin. Further experiments with the β‐arrestin 2
RRK/Q mutant in the future will likely help define the physiological consequences of
PIP2, PIP3, and IP6 binding on β‐arrestin functions.
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6. Conclusions and Future Directions
The work in this thesis began with the observations of Perry et al. [108] revisiting
the processes governing desensitization of the β2‐AR and its downstream second
messenger cAMP. These functions had long been ascribed to β‐arrestins and PDE
respectively. However, recent findings had necessitated a reconsideration of the
mechanisms underlying these fundamental principles of 7TMR regulation. The data in
this paper amalgamated the concepts of differential concentrations of cAMP within
subcellular microdomains and β‐arrestin‐mediated scaffolding of proteins at active
7TMRs by showing β‐arrestins are required to bring PDE4D into a macromolecular
complex with the β2‐AR. In doing so, the β‐arrestin‐PDE complex desensitizes the β2‐AR
signals, inhibiting receptor coupling to Gs and simultaneously enhances the efficiency of
cAMP degradation the by placing PDE in the proximity of Gs‐activated adenylyl cyclase.
These data established the concept of concerted desensitization for G proteins and
second messengers for Gs‐coupled 7TMRs.

We hypothesized an analogous system may exist to enhance the efficiency of
silencing Gq‐coupled 7TMRs via β‐arrestin‐mediated scaffolding. To test this hypothesis,
a collected library of plasmids encoding enzymes responsible for metabolizing DAG and
IP3 was screened for co‐immunoprecipitation of these overexpressed proteins with β‐
arrestins (Figure 6‐1). While many potential β‐arrestin‐binding proteins were identified
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Figure 6‐1. Schematic of the DAG and IP3‐related Enzymes Screened for Interaction
with β‐arrestins. This diagram lists the plasmids co‐transfected with β‐arrestin 1 or β‐
arrestin 2 in COS cells and their enzymatic reactions relating to phosphoinositide,
diacylglycerol, and inositol metabolism. This figure is adapted from unpublished work
by Dr. Stephen J. Perry.
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Figure 6‐1. Schematic of the DAG and IP3‐related Enzymes Screened for Interaction with β‐arrestins.
Figure 6‐1. Schematic of the DAG and IP3‐related Enzymes Screened for Interaction with
β‐arrestins.
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in this process, the most notable finding involved the family of diacylglycerol kinases.
All seven DGK isoforms investigated robustly and reproducibly interacted with both β‐
arrestin 1 and β‐arrestin 2.

It was with this background that we formulated the central hypothesis of this
work, that β‐arrestins recruit DGKs to Gq‐coupled 7TMRs in response to agonist
stimulation to metabolize DAG and generate PA. This enhances desensitization
efficiency by localizing the DGKs at the plasma membrane near active PLC and sites of
DAG production. Furthermore, unlike the AMP produced by PDE, the PA generated via
DGK enzymatic activity is a known bioactive molecule, with multiple reported effectors.
Thus, β‐arrestin and DGK may not only function in concerted desensitization of 7TMRs
and DAG, but may also initiate a “second wave” of PA‐mediated signals emanating
from the receptor complex.

We have rigorously tested the hypothesis of concerted desensitization for Gq and
diacylglycerol. In the course of this work, we established and validated multiple siRNA
molecules as effective reagents to specifically deplete β‐arrestin proteins in cultured
human cells. These oligonucleotides, along with their rat and murine homologues, have
proven to be invaluable tools to the rapidly expanding research into β‐arrestin‐mediated
signaling. Our siRNA sequences have allowed the application of reverse genetics
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principles to multiple mammalian cell systems and have become the standard for RNAi
experiments in this field, including the experiments into concerted desensitization
described here. We verified β‐arrestins and DGK proteins interact in HEK293 cell
immunoprecipitates via the conserved DGK cysteine‐rich domains and associate with
endogenous DGK activity as assayed in vitro. The requirement for β‐arrestins in DGK
activity was demonstrated in 32P whole‐cell labeling, where overexpression of β‐arrestin
enhanced radiolabeled agonist‐stimulated PA production, while the use of siRNAs to
deplete β‐arrestins dramatically inhibited this response. Furthermore, overexpression of
a β‐arrestin 2 truncation mutant which does not translocate to 7TMRs but does bind
DGKs serves as a dominant negative for carbachol‐stimulated PA production. Finally,
examination of PIP5K Iα, which is strongly activated by the presence of PA [173], is also
recruited to 7TMRs by β‐arrestin 2. This process appears to require DGK activity as
demonstrated by experiments with R59949, a chemical inhibitor of DGKs that abolishes
the β‐arrestin‐PIP5K Iα interaction. These lines of evidence are all consistent with the
central hypothesis that β‐arrestins spatially and temporally regulate DGK localization to
perform concerted desensitization of G q‐coupled 7TMRs and DAG, as well as to initiate
novel PA‐dependent signaling pathways.

These findings affirm that β‐arrestin working with DGKs direct simultaneous
desensitization of Gq signaling and quenching of the second messenger DAG. The data
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presented here detailing how β‐arrestin directs the concerted desensitization of M1
muscarinic receptors and DAG provides a parallel to the previous finding of Perry et al.
that β‐arrestins coordinate PDE4D recruitment to agonist‐occupied β2‐ARs. In both cases
β‐arrestin interacts with the second messenger degrading enzyme independently of
agonist stimulation. This suggests the ability of PDE and DGK to quench 7TMR signals
may depend on the available pool of cytosolic β‐arrestin. Furthermore, PDE and DGKs
are very dissimilar in sequence and their substrates, cAMP and DAG, are chemically
disparate, yet their fundamental mechanism of action appears to be analogous and
conserved. These data strongly suggest that concerted desensitization is a general
property of β‐arrestins. Thus, regulatory enzymes for additional 7TMR classes and their
signaling pathways may also be β‐arrestin binding partners.

These experiments also have suggested a novel model to explain the mechanistic
underpinnings of DGK translocation through interaction of the DGKζ cysteine‐rich
domains with β‐arrestin 1 and β‐arrestin 2 (Figure 4‐5). DGK membrane translocation
has been shown previously for multiple receptor types and is an absolute requirement
for kinase activity [188], and the CRDs are required for recruitment from the cytosol to
the plasma membrane in a manner following receptor stimulation [43]. Previously, it
had been considered that the CRDs may position DAG substrate for phosphorylation by
the DGK catalytic domain. However, it is very clear that the CRDs themselves possess
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only weak affinities for DAG [149, 189] and additionally, increased plasma membrane
DAG alone is unable to induce translocation [145]. Collectively, these data cast doubt on
the interaction of the CRDs with membrane lipids being the driving force behind DGK
translocation. Alternatively, several lines of evidence have suggested the CRDs are
conserved as binding sites for proteins such as Ras [190] and Rac1 [150]. Our data with
CRD deletion mutants of DGKζ and the βarr0N dominant negative construct support
this hypothesis and strongly suggest the CRDs are protein‐protein interaction modules
conserved across the DGK family to facilitate binding of β‐arrestin. Consequently, when
β‐arrestin translocates to the plasma membrane to bind GRK‐phosphorylated 7TMRs,
DGKs are recruited to the agonist‐stimulated receptor as well (Figure 4‐11).

The physiological outcome of β‐arrestin‐DGK translocation is a decrease in DAG
following agonist stimulation and a concomitant rise in PA concentrations. Evidence for
a “second wave” of β‐arrestin‐dependent PA signaling is found in our data with β‐
arrestins and PIP5K. PIP5Ks increase their activity approximately 20 fold in the presence
of PA as assayed in vitro [173]. Additionally, PIP5K Iα binds β‐arrestin 2 in an
isoproterenol‐dependent manner and we have shown PIP5K Iα interaction with the β 2‐
AR is β‐arrestin‐dependent. Given the importance of PIP5Ks and PIP2 in initiating the
nucleation of clathrin and AP‐2 for endocytosis [162], we believe this constitutes a
previously unappreciated mechanism by which β‐arrestins and PIP5K Iα can regulate
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7TMR internalization. Interestingly, the binding of these partners requires the
coincidence of β‐arrestin with PIP2 and PIP5K Iα with PA in a “dual‐key” method of
regulation. A β‐arrestin 2 mutant unable to bind phosphoinositides [174] does not co‐
immunoprecipitate with PIP5K Iα and R59949, an inhibitor of DAG kinase, blocks the
ability of PIP5K Iα to be recruited into complex with the β2‐AR. Collectively, these data
suggest lipid binding may promote conformational changes in both PIP5K Iα and β‐
arrestin to allow for their interaction. Moreover, the requirement for PA and PIP2 in this
interaction provides a novel means of cross‐regulation to ensure the fidelity of the
signal, only enabling the protein‐protein interaction when both partners are co‐localized
at the plasma membrane.

This work has raised several interesting questions worthy of further
investigation. First, with regard to the β‐arrestins and DGKs, there is a question of
isoform specificity. While both β‐arrestin 1 and β‐arrestin 2 are capable of interacting
with the seven DGK isoforms examined, several lines of evidence suggest they may do
so with very different physiological outcomes. However, at this time it remains unclear
as to the nature and consequences of β‐arrestin selectivity. As illustrated in Figure 4‐2, β‐
arrestin 2 is present in greater levels than β‐arrestin 1 in HA‐DGKζ immunoprecipitates,
despite the converse observation (βarr1 > βarr2) in the cell lysates. Under physiological
conditions, different DGK isoforms may in fact show a preference for a particular β‐
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arrestin isoform. This may also be manifested through the phenomenon of “class A”
7TMRs which preferentially interact with β‐arrestin 2 versus “class B” receptors which
recruit both β‐arrestins with approximately equal affinity [112, 191]. Ultimately these
factors would make the concerted desensitization response dependent on the cell’s
complement of expressed DGKs, the ratio of β‐arrestin 1 to β‐arrestin 2 in that cell, and
the class of 7TMR stimulated.

Additional evidence for β‐arrestin isoform selectivity is seen in the experiments
mapping the DGKζ residues required for β‐arrestin binding (Figure 4‐4). FLAG‐DGKζ
shows a pattern of greater β‐arrestin 1 recruitment than β‐arrestin 2 but the ΔM deletion
shows a preference for β‐arrestin 2. This may implicate the MARCKS domain in β‐
arrestin 1 binding, as all mutants containing this domain exhibit the same pattern as the
full length DGKζ. This would be particularly intriguing as phosphorylation state of the
MARCKS domain determines nuclear versus cytoplasmic localization of DGKζ [144]
and β‐arrestin 1 but not β‐arrestin 2 exhibits nuclear localization in addition to the
cytoplasm [192]. Additionally, depletion of β‐arrestin 1 resulted in significantly less
radiolabeled PA than β‐arrestin 2 in non‐stimulated samples (Figure 4‐8). While this
difference may reflect the M1 muscarinic receptor as a class B 7TMR and a subsequent
loss of tonic G protein desensitization increasing non‐stimulated β‐arrestin 2 activity,
this data suggests that β‐arrestin 1 may play a role in maintaining basal levels of PA in
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the cell. Additional experiments with different 7TMRs or other DGK isoforms should
provide additional insight into these questions.

While we observed no change in the affinity of β‐arrestins for DGKζ after
stimulation of numerous Gq‐coupled 7TMRs and PKC, DGK activity may be regulated
by the β‐arrestins via tyrosine kinase Src. Davidson et al. [193] have reported an agonist‐
dependent interaction between DGKζ and Src which positively enhances DAG kinase
activity and is concurrent with translocation of the protein complex to the plasma
membrane. Additional reports also demonstrate RTK‐stimulated DGKα activity in COS
cells is absolutely Src dependent, though direct tyrosine phosphorylation of the DGK by
Src was not observed [157]. This suggests a common theme of Src‐directed DGK
activation which may operate for many DGK isoforms and receptor systems. β‐arrestin‐
scaffolded Src is also a well‐established signaling system and is consistent with the
previously observed DGK phenomena. Future experiments utilizing RNAi or
pharmacological inhibition of regulatory enzymes known to bind β‐arrestin may
elucidate additional levels of DGK modulation. Experiments with cells transfected with
a catalytically inactive Src mutant (c‐Src K298M) or overexpression of a piece of the SH1
domain to known to block the interaction of β‐arrestin with endogenous active Src
family non‐receptor tyrosine kinases [89] may also provide valuable mechanistic details
about DGK activation.
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The discovery of PIP5K Iα as a novel β‐arrestin binding partner also generates
very interesting hypotheses for future study. Not only is PIP5K Iα a PA effector
molecule but it is also activated by the small G protein ARF6. ARF6 and ARNO, an
ARF6 GEF, have been demonstrated to help coordinate receptor endocytosis and some
of these effects may be exerted through enhancing PIP2 production. Furthermore, PIP5K
Iα provides another possible pathway for β‐arrestin‐mediated lipid signaling through
PIP2 signaling. In addition to regulating the interaction of clathrin and AP‐2, PIP2 can
promote actin polymerization [175, 176] as well as stimulating WASP, ARP2/3 and
cofilin and activate many other key proteins regulating cytoskeletal rearrangement
(reviewed in [177]). PIP2 also serves as a substrate for PI 3‐kinase to produce
phosphatidylinositol 3,4,5‐trisphosphate (PIP3), which promotes anti‐apoptotic signaling
and is required for chemotaxis [178]. Interestingly, β‐arrestin has been implicated as a
signaling node in each and every one of these processes. Both ARF6 and ARNO are
known b‐arrestin binding partners [76]. β‐arrestin‐dependent chemotaxis has been
demonstrated for many chemokine 7TMRs including CXCR4 [179], PAR‐2 [180], and the
AT1aR [181]. Additionally, in the latter case, the β‐arrestin chemotactic pathway was
shown to be active independent of G protein activity. Finally, β‐arrestin‐dependent
events are required for signaling pathways both upstream and downstream of PI 3‐
kinase. β‐arrestin 1 is absolutely required for IGF‐1‐stimulated PI3K activity in MEF cells
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[100], while β‐arrestin 2 influences dopaminergic behaviors by promoting inactivation of
Akt, the best studied PIP3 effector, by scaffolding Akt with its negative regulator, protein
phosphatase 2a [105]. Future investigation will determine if any or all of these signaling
pathways require β‐arrestin‐scaffolded PIP5K activity and receptor‐localized PIP2
production.

It is also likely that other PA‐dependent proteins may use this mechanism for
their activation. Raf‐1 [142], sphingosine kinase 1 [182], p21‐activated kinase (PAK)
[183], protein phosphatase 1 (PP1) [184] and even PDE4D3 [185] are among the many
reported effectors of phosphatidic acid. While many of these enzymes can intuitively fit
within a theoretical model of β‐arrestin‐mediated PA signaling, they have proven
difficult to examine, largely due to the overwhelming number of factors which can affect
these proteins. PKA, PKC and small G proteins such as Rac and Rho as well as many
other regulatory enzymes converge on these reported PA targets. This makes the task of
dissecting the PA‐dependent component of these signals extremely challenging, often
with irreproducible results. Ideally, with the definition of clear and distinct PA‐activated
pathways in the future, the role of the β‐arrestin‐DGK complex as a signal initiator can
be investigated.

147

While the lists of β‐arrestin binding partners and signaling pathways continue to
expand at a very rapid pace, relatively little progress has been made towards
understanding the mechanisms regulating β‐arrestin conformational changes and
governing the dynamics of its binding partner interactions. Recent advances have been
made using mass spectrometry techniques to identify limited tryptic digestion β‐arrestin
2 peptides, showing rearrangement of both the N‐ and C‐terminal domains (as indicated
by a change in the accessability of trypsin cleavage residues) in the presence of a
phospho‐peptide derived from the cytosolic tail of the V2 vasopressin receptor [186].
However, without a high resolution structure of the “active” conformation or
conformations of β‐arrestin, information regarding the changes induced by binding to
7TMRs is likely to remain limited. Ideally, an active β‐arrestin co‐crystalized with a
binding partner protein would provide a great deal of insight as to the stimulus‐induced
structure of β‐arrestin and the β‐arrestin protein‐protein interface with the binding
partner.

β‐arrestin post‐translational modification or allosteric binding of a cofactor may
be involved in altering the conformation of β‐arrestin into an active state. Precedent for
this method of regulation has been previously shown for β‐arrestin 1 where serine 412 is
rapidly dephosphorylated upon membrane translocation and receptor binding. Only
this dephosphorylated form of β‐arrestin 1 is capable of interacting with clathrin [187].
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Modification of β‐arrestins through ubiquitination is another example of post‐
translational modification which affects 7TMR internalization by “locking” the β‐arrestin
on to the activated receptor. It remains to be investigated if a post‐translational
modification such as phosphorylation or ubiquitination alters β‐arrestin‐mediated lipid
signaling [77]. Additionally, the ability of β‐arrestin to interact with phosphoinositides is
required for interaction with PIP5K Iα. If in fact phosphoinositide binding alters β‐
arrestin conformation, additional binding partners may show different affinities for this
state as opposed to the “inactive” β‐arrestin. Further experiments with the β‐arrestin 2
RRK/Q mutant in the future will help define the physiological consequences of PIP 2,
PIP3, and IP6 binding on β‐arrestin functions.

In addition to possible conformational changes, there is also a question of
discrimination in how β‐arrestins are recruited in response to agonist stimulation. Based
on the extensive number of β‐arrestin binding partners, it is ostensibly impossible for all
these proteins to be bound to a single β‐arrestin molecule, making pools of β‐arrestin
with different bound effectors the probable state within cells. Furthermore, it seems
extremely inefficient to recruit a β‐arrestin‐DGK complex to Gs‐coupled receptors and
likewise for β‐arrestin‐PDE to translocate to Gq‐coupled receptors. Thus, there is likely to
be one or more mechanisms to discriminate between these β‐arrestin pools. We have
developed two working hypotheses to try and explain these phenomena. First, is the
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“barcode hypothesis” in which 7TMR tails are modified by different GRKs produces a
unique phosphorylation pattern which places β‐arrestin in an active conformation or
selectively recruits a distinct pool of β‐arrestin (Figure 6‐2). Evidence supporting this
model has been seen in β‐arrestin‐dependent activation of ERK. Depleting GRK2 and
GRK3 in HEK293 cells with siRNAs significantly enhanced ERK activation through G
protein‐independent β‐arrestin pathways [194, 195]. Conversely, removing GRKs 5 and
6 virtually eliminated the angiotensin‐stimulated β‐arrestin‐dependent phospho‐ERK
[194, 195]. These results could be interpreted as the GRK5 and GRK6 phosphorylation
barcode putting β‐arrestin in a conformation favoring ERK activation while the β‐
arrestin recruited in response to GRK2 and GRK3 phosphorylation is not active with
respect to ERK but serves as a competitor for receptor binding and desensitization.
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Figure 6‐2. The “Barcode” Hypothesis. One hypothesis as to how β‐arrestins may be
enabled to perform different functions in response to 7TMR stimulation is that
phosphorylation by different GRKs or GRK families may produce unique
phosphorylation patterns. These different patterns then may selectively recruit a β‐
arrestin pool complexed with specific effectors, or interaction with the differentially
phosphorylated receptor tails may produce distinct β‐arrestin conformations
empowering different functions. This illustration is based on the data of Ren et al. [194]
and Kim et al. [195] where GRK5 and GRK6 are required for β‐arrestin‐dependent, G
protein‐independent activation of ERK MAP kinases. In these experiments β‐arrestins
recruited in response to GRK2 and GRK3 phosphorylation did not activate ERK, but
were still active for G protein desensitization.
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Figure 6‐2. The “Barcode” Hypothesis
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Alternatively, β‐arrestins may continually change binding partners depending on
their subcellular environment and the required task at hand. For example, β‐arrestins
may alter its complement of bound proteins to finish receptor internalization in the
framework of this “wheel” or “cycling” hypothesis. The plasma membrane is enriched
in PIP2 and this lipid species is key to formation of a clathrin‐coated pit. However, the
activity of one or more PIP2 5‐phosphatase proteins is absolutely required for
endocytosis, presumably to direct uncoating of the clathrin‐coated pit and release of the
endosome. This would be consistent with the phenotype of synaptojanin‐1 knockout
mice, where synaptic vesicles accumulated in the post‐synaptic terminal, unable to
complete the scission process. Furthermore, lipid analysis of vesicles at progressive
stages of endocytosis has revealed enrichment of different phosphoinositide species at
each step in the process, indicating the composition of internalizing lipid vesicles is very
dynamic [196]. Preliminary data from the proteins screened in Figure 6‐1 has indicated
one or more 5‐phosphatases may also bind β‐arrestin. This is inherently counter‐
intuitive as simultaneous β‐arrestin binding of both a 5‐kinase and 5‐phosphatase would
very likely create a futile cycle. However, PIP 5‐kinase is β‐arrestin‐bound transiently
following 7TMR stimulation, as is seen in Figure 5‐5, and a subsequent cue may initiate
interaction of β‐arrestin with the 5‐phosphatase at the time of vesicle scission. Thus, β‐
arrestin may serve as a universal adaptor for multiple stages of 7TMR trafficking by
changing binding partners as the cycle progresses.
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Figure 6‐3. The “Wheel” Hypothesis.. As discussed in Chapter 5, β‐arrestin is scaffolds
the lipid kinase PIP5K Iα (Upper left panel). The enzymatic product of PIP5K, PIP2, is
required for the formation of clathrin‐coated pits, which are the primary route for 7TMR
endocytosis (Upper right panel). However, the internalized vesicle must then be
uncoated before trafficking to its ultimate destination. If at this point, PIP5K dissociates
from its β‐arrestin scaffold, this β‐arrestin may then bind a 5‐phosphatase such as
synaptojanin‐1 (SJ‐1) (Lower left panel). This event would promote a change in the
vesicle composition from PI(4,5)P2 to PI(4)P. This decrease in PIP2 causes an uncoating of
the clathrin cage [197], freeing the vesicle to traffic for recycling or proteolysis (Lower
right panel).
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Figure 6‐3. The “Wheel” Hypothesis.
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In conclusion, the work in this thesis has demonstrated that β‐arrestins can direct
concerted desensitization of Gq‐coupled 7TMRs and the second messenger DAG by
recruiting multiple isoforms of DGKs to the agonist‐stimulated receptors. In addition to
enabling translocation of DGKs from the cytosol to the plasma membrane, this
association with β‐arrestin also localizes DAG kinase activity proximal to the most active
sites of second messenger generation by PLC. Similar findings have been reported
previously for the PDE4D family of phosphodiesterases binding β‐arrestins to enhance
the efficiency of silencing the Gs‐coupled β2‐AR. However, despite the remarkable
conservation of mechanism, these two systems are incredibly disparate. There are no
structural parallels between PDEs and DGKs, and furthermore cAMP and DAG are
chemically very distinct. Thus, the finding suggests that concerted desensitization of
7TMRs and their second messenger molecules may be a generally conserved property of
the β‐arrestins.

Furthermore, unlike the AMP generated through PDE activity, the PA produced
through DGKs is a bioactive molecule with multiple cell signaling effectors. This creates
the potential for β‐arrestin‐recruited DGKs to produce high local concentrations of PA
specifically at active receptors and initiate a “second wave” of signaling from the 7TMR
complex. We have demonstrated this pathway affects the PIP5K Iα, which is
dramatically enhanced in its enzymatic activity in the presence of PA. PIP5K Iα is
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recruited to the β2‐AR by β‐arrestin and does so in a PA‐dependent manner, as indicated
by the elimination of these interactions in the presence of the DGK inhibitor R59949.
Ultimately, this PIP5K interaction with β‐arrestin is required for efficient receptor
endocytosis following stimulation, presumably to locally produce PIP2 at receptors to
enable clathrin‐AP‐2 nucleation. A mutant β‐arrestin incapable of binding PIP5K Iα does
not facilitate 7TMR internalization, but fusion of the core catalytic domain to the C‐
terminus of this mutant rescues its ability to promote receptor sequestration. This data
adds yet another facet to β‐arrestin‐mediated regulation of 7TMR endocytosis and
suggests additional PIP2‐dependent processes such as chemotaxis may also utilize β‐
arrestin‐directed targeting of PIP5Ks to agonist‐stimulated receptors.
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