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Abstract

cAMP is a ubiquitous second messenger that is pivotal in controlling a wide
array of cellular functions. The sole means (o inactivate cAMP is to degrade it into 5°-
AMP through the action of cyclic nucleotide phosphodicsterases (PDEs). It is now
well appreciated that cAMP hydrolysis by PDEs is as important as its synthesis by
adenylyl cyclases to achieve cAMP homeostasis in cells, The cAMP-specific
phosphodiesterase-4 (PDE4) is encoded by four differont genes (PDE44, PDE4B,
PDE4C and PDE4D), which generate over 16 different isoforms by alternative 5’
mRNA splicing. This process gives rise to PIDE4 isoforms with unique N-terminat
region, complete or truncated UCR1/UCR2 modules, a central catalytic domain and
an extreme C-terminal region. This plethora of PDE4 isoforms, complete with distinct
N-terminal targeting domains and particular regulatory properties, confers
compartmentalized action on cAMP signaling in various cell types. Understanding the
distinct molccular mechanisms and functional outcomes of modification and
sequestration of specific PDE4 isoforms can be expected to aid the development of

more seleclive PDE4 inhibitor-basced therapeutics.

I have asscssed the invoivement of PDE4 isoenzymes in the [;-adrencrgic
receptor (B2AR) desensitization process in Chapter 3. It has been previously shown
that agonist-activated f2ARs can recruit PDE4 isoforms in complex with B-arresting
and, in particular, PDE4D5 whereupon they undergo a dual desensitization. Using the
PDE4-selective inhibitor rolipram or siRNA-mediated knockdown of PDE4B and
PDEA4D, I determined a new [acet of PDE4-mediated process in the early stage of
2AR desensitization. In HEKB?2 cells (stably overexpressing p>ARs) that have been
prefreated with either rolipram or with siRNA to PDE4B and PDE4D, PKA
phosphorylated GRK2 was accelerated in response to treatment with the [B-agonist
isoprenaline, as was isoprenaline-induced membrane translocation of GRKZ,
phosphorylation of the AR by GRK2, membrane translocation of P-
arresting/PDE4D complex and internalization of 2ARs, in comparison with the cells
that were only challenged with isoprenaline. In the absence of isoprenaline, rolipram-
induced inhibition of PDE4 activity in HEKB2 cells also stimulated the
phosphorylation of GRK2 by PKA, with conseguential eflects on GRK2 membrane
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recruitment and GRK2 phosphorylation of B2AR. These results collectively suggest
that PDE4 plays a fundamental role in influencing B2AR functioning by gating for the
ability of PKA to phosphorylate GRK2 in resting cells and thereby regulating the
degrec of feedback through this system in stimulated cells, This provides a finely
tuned adaptive response for preventing inappropriate activation of GRK through

fluctuations in the basal levels of cAMP in resting/unstimulated cells.

In Chapter 4 and 5 of this thesis, 1 analyzed the potential post-translational
modification on one PDE4 isoform, namely PDE4DS5. | have used site-directed
mutagenesis to show that the ubiquitin-interacting motif (UIM) can confer the ability
of PDE4DS5 to undergo ubiquitination in response to extracellular stimuli.
Furthermore, this ubiquitination was shown to be mediated by the I3 ligase Mdm?2
that is brought in close proximity to PDE4D> by the associated P-arrestin, My data
shows that only a small subset of PDE4DS5, namely that to which B-arrestings bind, is
susceptible to ubiquitination. Using epitode-tagged ubiquitin mutants that can block
specific type of ubiquitin chain formation, [ determined the K48-linked polyubiquitin
chain as the predominant form in conjugation to PDE4D5. This finding, together with
the observation that PDE4DS5 can interact with two subunits of 19S5 regulatory
complex, suggests that ubiquitination can target PDE4DS to 26S proteasome for
degradation. Having compared the kinetics of PDE4DS ubiquitination and its
association with B-arrestins, I concluded that ubiquitination alters the ability of
PDE4DS to bind B-arrestins. 1 proposed that the time-dependent ubiquitination of

PDE4DS5 may serve to facilitate AR desensitization.

In Chapter 5, T investigated another post-translational modification, namely
sumoylation, on PDE4D5. From in vitro sumoylation studies it showed that a
subpopulation of PDE4DS5 exists in a sumo-conjugated state. I confirmed this
modification in vivo, by showing that immunaprecipitated wild type PDE4DS, but not
a PDE4DS SUMO K. site mutant, could be conjugated with SUMO-1 as tested by
immunoblotting, Sequential immunoprecipitation analyses showed that the
cstablished binding partners of PDE4DS, namely B-arrestin, ERK2, and AKAP184,
preferentially interact with sumoylated forms of PDE4DS, This was further confirmed

when comparing the association of these proteins with the wild type PDE4D3 and
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SUMO K mutated PDE4DS3, respectively, by co-immunoprecipitation. All these data
indicate that SUMO modification of PDT4DS serves to enhance its binding to signal

scaffolding proteins in vivo.

I further investigated protein-protein interactions involving PDE4DS in
Chapter 6. Overlay studics were carried out with PDE4DS peptide array libraries.
These showed that (-arrestin and SUMO E2 enzyme Ubc9 interact at distinct sites
within the unique N-terminal region of PDE4DS and at overlapping sites within the
conserved PDE4 catalytic domain. Also that ERK?2 binds this overlapping site within
the conserved PDE4 catalytic domain, Screening scanning alanine substitution peptide
array libraries revealed a common docking site on PDE4DS catalytic domain for -
arrestin, Ubc9 and ERK2, suggesting that these signaling scaffold proleins might
interact with PDE4D5 in a mutually cxclusive manner and compete to sequester

distinet ‘pools’ of PDE4L3.

The above studies collectively suggest that sequestration of cAMP specific
phosphodiesterase PDE4DDS in different signaling complex by distinet signaling
scaffold proteins ensures the fidelity and efficiency in activating PDE4D5 post-

translational modification and signaling.
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Chapter 1

General Introduction



1. General Introduction

1.1 Cyclie nuclecotide signalling pathways

Two types of cyelic nucleotides cxist, cyclic adenosine 3°,5’-monophosphate
(cAMP) and ¢GMP. The amplitude and duration of cAMP and ¢cGMP signals are
controlled by their rates of synthesis by adenylyl and guanylyl cyclases, respectively,
and their degradation by 3°,5’-cyclic nucleotide phosphodiesterases (PDEs). While
some PDEs hydrolyse only cAMP or ¢cGMP, others hydrolyse both. Major differences
between phosphodiesterases are observed in substrate affinity, turnover of substrate

and inhibitor sensitivity.

1.1.1 Thec ¢cAMP signalling pathway

Cyclic adenosine 3°,5’~-monophosphate (cAMP) is one of the oldest
signalling molecules known (Tasken and Aandahl 2004; Beavo and Brunton 2002;
Scott et al. 2000). This ubiquitous second messenger of hormone action is produced
from ATP by adenylyl cyclases at the plasma mcembrane (Cooper 2003) and is
degraded solely through the action ol phosphodiesterases to 5’AMP (Houslay and
Adams 2003). In cells, cAMP controls metabolism, cytoskeleton function, gene
expression, muscle contraction and memory (Dumaz N. and Marais R. 2005; Tasken
and Aandahl 2004; Beavo and Brunton 2002; Scott et al. 2000). It is also invoived in
regulating inflammation (Asirvathan et al. 2004; Steiner and Branco 2003; Castro et
al. 2004; Moore and Willoughby 1995). cAMP-dependent protein kinase holoenzyme
(PKA), cyclic nucleotide gated ion channels (CNGCs) and exchange proteins
regulated by ¢cAMP (EPACs) are three major but different effectors of cAMP and
mediate distinct cAMP signalling pathways in many cells and tissues (Baillie et al.
2005) (Tigure 1.1). Every focal point along cach cAMP signalling pathway has the
potential to be integrated with some other specific signalling proteins, which is
achieved not only temporally, but alse spatially. This leads to a more complexed
signalling cross-talk than was at first appreciated (Dumaz and Marais 2005; Houslay
and Baillie 2003; Tasken and Aandahl 2003),

1.1.2 G-proteins and G-protein coupled receptors

1.1.2.1 G-proteins




Hetcrotrimeric guanine nucleolide-binding proteins (G-proteins) relay a
variety of signals across the plasma membrane by sequential interaction with their
cognate rceeptors and eftectors, such as adenylyl cyclases and ion channels (Luttrel
2006). After the receptors are activated, the exchange of GDP for GTP is catalysed on
the o subunit of their cognate G-proteins, leading to the conformational changes in the
G-protein o subunits (Iepler and Gilman 1992) and the dissociation of « subunit
from its high affinity binding complex of By subunits, These dissocialed subunits then
couple to their individual effectors, iniliating the distinet signal transduction
pathways. After specific cell signals have been initiated, G'I'P hydrolysis returns Go.
to the GDP-bound state, allowing reformation of the inactive heterotrimer. To date, 16
distinct o subunit genes have been identificd in human. This gives rise to isoform
multiplicity, which may explain the multitude of cAMP-induced physiological
responses activated by the same stimuli in different cells. Based on the amino acid
sequence and their functions, G-protein ¢ subunits can be categorised into four
classes: Ga, Gi, Gq and G12 (Berman and Gilman 1998}, among which cAMP
signalling is largely regulated by activation of adenylyl cyclase through Gs and
inhibition through Gi.

1.1.2.2 G-protein coupled receptors (GPCRs)

G-protein coupled receptors (GPCRs) are cell-surface receptors. They have 7
transmembrane helices, bind effectors at the external surface of the plasma membrane
and interact with G-proteins at the cytosolic surface (Jacoby et al. 2006). They
respond 1o a wide range of extra-cellular stimuli, such as light, odour,
chemoattractants, peptides, neurotransmitters, lipids, and hormones. They constituie
one of the largest protein families in the human genome, with at least 600 putalive
members (Pierce et al. 2002; Maudsley et al. 2005). Thesec GPCRs serve to translate
extracellular messages by increasing or decreasing levels of second messengers, such
as cAMP or cytosolic Ca™. GPCRs are of great interest for pharmaceutical industries

and account for nearly 40% of all current therapcutic targets (Brink et al. 2004).

1.1.2.3 Beta-adrenergic receptors (BARSs)

B-adrenergic rcceptors (BARs) are Gs-coupled receptors, activation of which

lcads to the increase in cAMP production in cells (Rockman et al. 2002), Three types




of BARs, P1, B2, and B3AR have been cloned to date, each of which has its own

molecular characteristics and functions (Jabns et al. 2006; Johnson 2006; Lamba and
Abraham 2000, Babol and Blasiak 2005).

Best known are B;AR and B2AR. B1AR shares a 54% amino acid homology
with (AR (Freedman et al. 2005) and undergocs a similar but not identical
desensitisation, internalisation, down-regulation and re-sensitization proccss to the
32AR (Rapacciuolo et al. 2003; Gardner et al. 2004; Jockers et al. 1999; Freedman et
al. 1995; Luttrell and Lefkowitz 2002). The ;AR and B2AR represent the primary
targets for sympathetically derived catechelamines in the heart and are [undamental to
the overall regulation of cardiovascular homeostasis (Rockman et al. 2002).
Alterations, for example, desensitisation and down-regulation, in BAR fonction are
agsociated with cardiac hypertrophy and the development of heart failure (Lefkowitz
et al. 2000). Therefore, manipulation of BAR signalling constitutes a route for

therapeutic strategies in treating heart failure (Petrofski and Koch 2003),

Although the ;AR and 2AR have differential effccts on cardiac myocyte
apoptosis, with B~AR appearing to be pro-apoptotic and AR anti-apoptotic, they
both undergo Gs/Gi switching upon agonist stimuli in a PKA-dependent manner as
explained below {Martin et al. 2004; Baillie et al. 2003). Thus B2ARs localise within
caveolae in the membrane of curdiac myocytes (Xiang et al. 2002). Following
stimulation of adenylyt cyclase via Gas, cAMP production results in PKA activation.
Phosphorylation of the PKA consensus sites within the third intracellular loop
(Ser261, Ser262) and C-terminal tail (Ser345, Ser346) of the AR causes an
attenvation of receptor-Gs coupling and fucilitates the coupling of receptor to Gi
profeins, leading to the activation of the MAP kinase pathway. Pertusts toxin, which
ADP-ribosylates the Gio subunit and prevents receptor-Gic. coupling, is generally

used to inhibit ;AR switching-mediated MAP kinase activation (Daaka et al. 1997).

In addition to the well-studied B2AR, vasouclive intestinal peptide receptors
(Luo X. et al. 1999) and prostacyclin receptors (Lawler et al. 2001) also bave the

ability to undergo Gs/Gi switching afier agonist stimuli, providing independent




evidence for the prevalence of the cell-used strategy in mediating multiple signal

transduction cascades via the same receptor.

A cell model (HEKB2 cells) that over-expresses FILAG and GFP tagged
B2ARs, a prototype of GPCRs, is ased in many of the experiments described in this
thesis. HEKB2 cells provide a weli-established model system for studying the ;AR
signalling pathway in which cAMP-specific phosphodiesterases 4 (PDE4s) have been
shown to intluence $2AR functioning, in particular the phosphroyaition of the BoAR

by PKA (Perry et al. 2002).

Various investigators have shown that aciivation of B2AR can lead to the
activation of ERK pathway via two pathways, both of which utilize a common
upstream pathway to activate PKA in the presence of increased levels of cAMP due to
the stimulation of adenylyl cyclases by activated PAR (Lefkowitz et al. 2002). The
differences cmerge from the downstream of PKA activation. In one pathway, cAMP-
mediated ERK activation is achieved through PKA activation of B-raf and consequent
activation of MEK. and ERX. The details of this activation are unclecar at present.
There have been competing theories, such as EPAC/Rapl-mediated B-Raf activation
and the largely discredited PKA phosphorylation of Rapl, which leads to B-Raf
activation. Undoubtedly mechanisms differ in various cell types and much more work
is needed to clarify these mechansiams (Housaly and Kolch 2000). In another
pathway, the coupling of PKA phosphorylated P2AR switches from Gs te Gi. This
leads {0 a Src-dependent Ras/c-Rafl/MEK/ERK cascade activation (Lefkowitz et al.
2002).

B2AR signalling is seen in very many celi-types, including peripheral blood T
lymphocytes, which are involved in mediating immune responses. In this cell type
GRK2 activation is achieved through Src-mediated phosphorylation, and is followed
by phosphorylation of B2AR by GRK2, B-arrestin binding, as well as a switching from
(s to Gi, This mechanism by which GRK2 is activated appears to be different from
that in HEK293 cells where GRK2 is activated by PKA (Cong et al. 2001; 1feijink et
al. 2005).




1.1.3 Adenylyl Cyclascs (ACs)

A single polypeptide that would both rccognize hormone and synthesize
cAMP was first shown to exist by Sutherland and Rall (Sutherland and Rall 1960),
and is now known as adenylyl cyclases {ACs). ACs is a critically important family
that is responsible for the conversion of ATP into cAMP, a ubiquitous iniraccllular
second messenger (Antoni 2000). This biological process is used in virtually all types

of organisms from prokaryotes to eukaryotes (Danchin 1993).

1.1.3.1 Structure of AC

AC is an integral membrane protein composed of an N-terminus, two
tandemly repeated trans-membrane segments (unlike GC which has only one
transmembrane domain} connected by a cytoplasmic loop, and another C-terminal
cytoplasmic loop (Antoni 2000). The N-termini of the two cytoplasmic domains are

highly conservative and dimerize to form the catalytic site.

1.1.3.2 Diversity and Distribution of ACs

Molecular cloning techniques have identified nine mammalian genes that
encode membrane-bound ACs, and one gene encoding a soluble isoform (Cooper
2003). These ten AC isoforms can be categorized into five distinct families according
to their primary structure similarity and functional attributes (Sunabhara and l'aussig
2002): AC1, AC3, and ACS, are a class of Ca**-CaM sensitive forms; AC2, AC4 and
AC7 are a class of Gg,-stimulatory forms; ACS5 and AC6 are a class that shows
sensitivity to inhibition by both Ca?®" and Gai isoforms (Ga0, Goil, Gai2, Gail, and
Guaz); while AC9 is distinguished from the other membrane-bound ACs by its
insensitivity to the small molecule forskolin; and sAC, a soluble enzyme, is incapable

of responding to stimuli such as GTP, G proteins, and forskolin,

1.1.3.3 Regulation of ACs
ACs are susceptible to many modes of regulation depending on their specific
cellular compartment and propensity to associate with scaffolding proteins. Such

regulation can impart their signalling specificily and discrimination.




1.1.3.3.1 Stimulation by G

Adrenaline, dopamine, prostaglandin PGE2, adenosine, and glucagon are a
few examples of many hormones that activate AC to initiate the generation of cAMP.
This activation occurs primarily through the recepiors coupling to GTP-bound Gis.
Although there are three splice variants ot Gy, only Gye-short and Ggs-long are able to

mediate this effect upon hormone stimuli (Klemke et al. 2000},

1.1.3.3.2 Inhibition by G

Gg; has five isoforms, Ggii, Gaiz, Guis, Guo, and G, Among the ACs that have
been tested for the inhibition by Gg, AC1, ACS, AC6, and ACS are inhibited by Gg;,
with selectivity for ACS and ACG; while AC2, AC3 and AC7 are not (Cooper 2003).
Gy subunits are subjected to long-chain acyl (myristolyl) and thicacyl (palmitoyl)
post-translational modification, and its myristoylation has been shuwn prerequisite for

Gyi-mediated inhibition of AC (Sunahara and Taussig 2002),

1.1.3.3.3 Regulation by G,

G-protein [Jy-subunits also regulate ACs, but in an AC subtype-specific
manver. In the case of AC2, AC4 and AC7, Gpy-subunits stimulate their activities; as
for AC1 and ACS, Gpy-subunits inhibit their activities (Sunahara and Taussig 2002).
The effect of Gp, on AC2, AC4 and AC7 is only substantial in the presence of Gis
(Antoni 2000). Since Gy is relatively less than Gj, and Gy, in the plasma membrane,
it is thought of Gy, from Gi or Go as the co-activator of Gy, conferring a positive
‘cross talk’ by simultaneous activation of Gs- and Gi-coupled receptors. Less is
understood about the relationship between Gp, and AC5 and ACG6. However,
Bayewitch et al. (Bayewitch et al. 1998) have suggested that they exert an indirect
inhibitory action on AC35 and ACG6 through Gy,

1.1.3.3.4 Regulation by Ca*"

Ca”" also has isoform-specific effects on ACs. Ca®'/CaM activates isoforms
ACI1, ACS and possibly AC3 (Krupinski et al.1989; Cali et al.1994; Choi et al.1992),
while AC5 and AC6 are inhibited by a concentration of Ca’" within a physiological

concentration range (Cooper 2003). Strikingly, Ca’"-scnsitive AC isoforms are able




discriminatc the source of increased intracellular Ca®" before regulation can occur.
For example, ACl and AC8 are only sensitive to voltage-gated Ca®* chamnels or
capacitative Ca?" entry (CCE, the eniry of Ca®' that is triggered by depletion of Ca™")
but not IP3 released Ca®" (Fagan et al. 2000; Gu and Cooper 2000), while ACS and
AC6 are only sensitive to CCE (Cooper 2003). Although it is uncertain if AC9 is
regulated by Ca®" in systems mainly expressing AC9, cAMP synthesis is inhibited by

Ca*" through calcineurin (Antoni 2000).

1.1.3.3.5 Regulation by other small molecules
‘The diterpene, forskolin is known to potentially activate all known isoforms
of membrane-bound ACs, except for ACY (Sunahara et al.1996), while pyrophosphate

and P-site inhibitor negatively regulate AC activities (Sunahara and Taussig 2002).

1.1.3.3.6 Post-translational modification

ACs can undergo phosphorylation and this can alter their activities (Cooper
2003). For example, PKA dircetly phosphorylates ACS, resulting in its reduced
activity; PKC has also been shown to regulate ACs in an isoform-specific manner.
This is supported by evidence that phorbol ester ireatment can stimulate the activities
of AC1, AC2, AC3 and ACS, but inhibit that of AC4 and AC6 (Sunahara and Taussig
2002),

1.1.3.4 Expression pattern and their physiological roles

The physialogical importance of ACs has been relaled to learning and
memory (AC1 and ACS8) (Kandc! and Schwartz 1982), drug dependeney (AC7) and
sperm capacitation (Sunahara and Taussig 2002). Generally, AC isoforms have broad
distribution, however, some isoforms are expressed tissue specifically. For example,
AC1 and AC3 are only expressed in brain (Xia et al. 1992); ACS is at its highest level
in striatum and cardiac tissue; AC9 is highly abundant in the brain (Autoni 2000),

whereas SAC is expressed predominantly in the testis (Sunaharah 1996).

1.1.3.5 Compartmentalisation of ACs
The susceptibility of ACs to multiple modes of regulation raises the problem

of signalling specificity and confidelity. Ilowever, compartmentalisation of the



relevant factors in close proximity helps ensurc a particular regulatory context
(Cooper 2003). GPCRs, the a-subunits of G-proteins, and ACs have been found in
phospholipid rafts (Huang et al, 1997), and Ca**-scnsitive AC co-localise with and
respond to capacitative Ca** entry CCE (Goraya and Cooper 2004). Similarly, the
endogenous AC5 and AC6 and B,AR of cardiac myocytes were suggested to co-abide
in caveolag (Rybin et al, 2000; Ostrom et al. 2000), to allow orchestration of CAMI?
signalling. In neuronal tissuc, ACs are rich in post-synaptic densities (PSDs) and thus
conveniently interact with other PSDs-related scaffolding proteins to relay specific
signals (Cooper et al. 1998). In addition to the constraints exerted by co-expression in
lipid microdomains, scaffolding proteins, such as PKA-anchoring proteins (AKAPs)

can also achieve an organised compartmentalisation (Baillie et al. 2005).

1.1.4 Effectors of cAMP pathways

1.1.4.1 Protein Kinase A (PKA)

Protein kinase A (PKA) is thc most well known cAMP effector. This
serine/threonine specific protein kinase, is composed of two catalytic subunits (C) and
two regulatory subunits (R}. The R-subunits maintain PICA in an inactive state.
However, cAMP binding to two sites on each R subunit releases active C subunits and
the activated PKA can now phosphorylate specific substrates with R/K, R/K, X, S/T,

Xhydrophebic cOnsensus sequence (T'asken and Aandahl 2003),

Based on the differences within the R subunit, PKA isoenzymes are
categorized into type 1 and type 1l holoenzymes. A further heterogeneity is achieved
as three isoforms of catalytic subunit (Ca, C3, Cy) and four (RIo, RIB, Rliw, RIIB) of
regulatory subunits are found in manunals (Dumaz and Marvias 2005). RI and RIY
subunit have different affinities for cAMP and distinct subcellular localizations: RI
holocnzymes have a higher affinity for cAMP, and are mainly cytoplasmic; whereas
RII holoenzymes are typically particulate and confined to cell structures and
organelles by virtue of anchoring to A-kinasc anchoring proteins (AKAPs). NMR
solution structures of the PKA regulatory subunits delineatcs the molecular

mechanistn of PKA R subunits binding to AKAP by which an AKAP amphipathic




helix interacts with the hydrophobic groove in the dimerization domain of the PKA R

subunit (I'asken and Aandahl 2003),

1.1.4.2 cAMP-regulated GEFs (GTP-exchange factors)

The exchange protein directly activated by c¢AMP (Epacs), is another
category of cAMP effectors (Tasken and Aandahl 2003). So far, two proteins in this
family, Epacl and Epac2 have been identified. Epacl and Epac2 share a similar
organisation structure, with the slight difference that Epacl has one cAMP binding
site, whereas Epac2 contains two binding moieties (IDe Rooij et al. 2000). The binding
of cAMP to Epac via its cAMP binding domain leads to the allosteric activation of its
GEF domain (Rehmann et al. 2003), therefore promoting its ability to activate Rapl, a
small Ras-like GTPase (Vossler et al. 1997; Dumaz and Marias 2005, Bos et al. 2003).
In order to discriminate PKA and Epac-mediated effects, a novel synthesized
analogue, 8pCPT-2’OMe-cAMP is widely used to specifically activate Epac {(Bos et
al. 2003).

1.1.4.3 cAMP-gated membrane ion channels (CNG Ion Channels)

The third sct of cAMP effectors is cyvclic nucleotide-gated (CNG}) cation
charmels, These channels open in response to the direct binding of cAMP/cGMP,
therefore regulating the membrane potential and intraccliular Ca®' levels (Kaupp and
Seifert 2002). Retinal rod photoreceptor, which is directly activated by ¢cGMP, an ion
channel in olfactory transduction, which binds both cAMP and cGMP, us well as the
most recently reported GatSper that is involved in cAMP-mediated sperm motility,
comprise currently known CNG ion channels (Fesenko et al. 1985; Nakamura and
Gold 1987; Ren et al. 2001).

1.1.5 Compartmentalization of cAMP

In the 1980s, a study on cardiomyocytes in which different Gs-coupled
receptors were found to selectively activate type 1 and type IT PKA holoenzymes,
brought up a new concept -—— compartmentalization of ¢cAMP (Buxton and Brunton
1983). Evidence for the existence of cAMP microdomains has since been obtained in
cardiac myocytes (Brunton 2003; Zaccolo and Pozzan 2002; Vandecasteele ¢t al.

2006) as wecll as other cell types (Cooper 2003; Karpen and Rich 2001). It is now well
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recognized that cAMP signalling responses are comparimentalized (Fouslay and
Adams 2003; Baillic and Houslay 2005; Cooper 2005; Cooper and Crossthwaite
2006). Recently, the use of [luorescence resonance energy transfer (FRET), based on
either PKA or Epac, cAMP-gated ion channels, or the selective activation of AKAP
anchored PKA isoforms (Baillie and Houslay 2005), consolidaled this hypothesis by
visualising spalial and temporal gradicnts of cAMP in living cells (Zaccolo and
Pozzan 2002).

Indeed, the molecular mechanisms behind cAMP compartmentalization are
far more complex than previously recognised. The components of the cAMP-
generating pathway (GPCRs, adenylyl cyclases) are localized to specific regions of
the plasma membrane. PKA, which detects cAMP, and PDEs, which degrades cAMP,
are also targeted to specific regions within the cell, This allows ¢cAMP gradients to
form within the 3-D matrix of the cell whereby the cAMP concentration is highest
nearcst the membrane and least in arcas that contain the highest levels of PDEs, Thus,
the activation of a certain GPCRs can increase the ¢cAMP levels within discrete
compartments in the cell and cause unique physiological responses (Hayes et al. 1982).
In addition to PKA isoenzymes, A-kinase anchoring proteins (AKAPs) are also shown
to able to assemble signalling complexes (o include other proteins such as cAMP
phosphodiesterases, PKC and protein phosphatases that are targeted to speeific
subcelluar compartments. Thus AKAPs provide scaffolds for the four-dimensional

organization of cAMP signalling in both space and time (Baillie et al, 2005).

1.2 The 3’5’ cyclic nucleotide phosphodiesterase (PDE) superfamily
Cyclic nucleotide phosphodiesterascs (PDEs) are a class of enzymes
responsible for the hydrolysis of the eyclic nucleotides cAMP and ¢cGMP to 5’AMP
and 5'GMP, respectively (Figure 1.2). The function of PDEs in cells is to control the
resting level of cyclic nucleotides, to restore the steady state levels after cAMP or
¢GMP-stimulating events and to form and shape intracellular gradients of these cyclic
nucleotides. ‘This superfamily of enzymes plays a key regulatory role in the
orchestration of signalling cross-talk, desensitisation and compartmentalisation of
cAMP (Houslay and Adams 2003). PDEs were first identificd by Sutherland and co-

workers (Rall et al. 1958). An increasing numbcer of studics have suggested PDIs as




putative therapeutic targets, with this gaining global recognition upon the
development of Viagra as a selective PDES inhibitor used to originally lreat penile
erectile dysfunction and, more recently, infantile pulmonary hypertension (Kulkarni
and Patil 2004). To date, a number of PDE inhibitors have been in clinical trials, and
somc have already entered the market place. In particular, the PDE3 selective inhibitor
cilostazol (Pletal) is widely used as a drug for the reduction of symptorms of
intermittent claudication and PDES inhibitors sildenafil (Viagra), vardenafil (Levitra)
and tadalafil (Cialis) are used for the treatmecat of male erectile dysfunction. Selective
PDE inhibitars appear to have a potentially broad application in treating various
diseases, such as asthma, chronic obstructive pulmonary discase, heart failure,
atherosclerotic peripheral arterial disease and neurological disorders (Tasken and
Aandahl 2003; Jeon et al. 2005).

PDEs arc made up of 11 families based on their amino acid scquence
identities, substrale specificities, allostcric regulatory characteristics, and
pharmacological properties (Tasken and Aandahl 2003) (Figure 1.3). 8 PDIE families
generatc over 30 different isoforms that are able to hydrolyse cAMP (Houslay and
Adams 2003). This is due to the multiple genes encoded, as well as additional
alternative mRNA splicing (Baillie and Houslay 2005). The existence of mulliple
PDE isoforms underscores their individual functional importance. Despite the
heterogeneity across the superfamily, all PDE isoforms share a modular architecture,
with a surprising degree of homology within their catalytic domains (in proximity to
the COOH terminus), bui with distinct regulatory domains and targeting domains

invariably located at the NH2 ferminus (Francis et al. 2001).

The catalytic domains of PDEs are well conserved, with slight structural
differences in their catalytic domains determining if the PDE is cAMP-specific
(PDI4, PDE7, PDES), ¢GMP-specific (PDES, PDES, PDE9Y) or has dual substrate
specificity (PDEI1, PDE2, PDE3, PDE10, PDE11 (Goraya and Cooper 2005). This
highlights the importance of achieving a precise understanding of the catalytic
domains of PDEs, which can provide a molecular basis for rational drug design of
competitive inhibitors. So far, several three-dimensional (3D) structures of the

catalytic domains of PDEs in the presence of their inhibitors or substrates have been




resolved, and this includes PDEL, PDE2, PDE3, PDE4, PDES5 and PDE9 (Jeon et al.
2005; Scapin et al. 2004).

Compared to the evolutionarily consetvative catalytic domains of PDEs, the
N-terminal regions of PDEs arc highly divergent in both amino acid sequences and
their family-specific determinants. These family-specific determinants are: (1)
calmodulin binding sites (PDE1), {2} non-catalytic cGMP binding {GAF) sites (PDE2,
PDES, und PDEG), (3) membrane turgeting sites, protein-protein interaction sites and
regulatory (UCR) sites (PDE4), (4) hydrophobic membrane associate sites (PDE3),
and (5) phosphorylation sites for either the calmodulin-dependent kinase (PDEZ2), the
cAMP-dependent kinase (PDE1, PDE3, and PDE4), or the cGMP dependent-kinasc
(PDES) (Iffland 2005). Thercforc, N-terminal regions of PDEs provide an important
platform where the multiple PDE isoforms arc subjected to specific protein
intcractions and response to distinct regulatory signals. PDES isoforms contain an N-
terminal REC and a PAS domain that are not found in other PDEs, however, the
functions of these REC and PAS domains arc not known at present (Bender and
Beavo 2006).

In line with the tight compartmentalization of cAMP/cGMP (Zaccolo et al.
2002), PDE isoforms have their distinet patterns of regulation and intracellular
localization, which were observed through either fractionation techniques or
histoimmunofluorescence techniques. PDEs, in most cases, arc associated with the
particulate and/or cytosolic fraction (Houslay 2001), but a few reports have shown
nuclear localisation. Nuclear localisation has, however, been shown for PDE4
enzymes, which have been observed on the nuclear envelope (Kapiloff et al. 2001)

and in perinuclear regions (Verde et al. 2001).

PDE regulation also occurs at the level of transcription and translation {(Conti
et al, 2002), Increases in cAMP levels seem to up-regulate PDEs so that the induction
of PDEs will combat the augmented cAMP cffcet and adaptation to chronic activation
will be realised. This type of regulation has been seen with PDE3, PDE4 and PDE?
(Seybold et al. 1998; D’Sa ¢t al. 2002; Lee et al. 2002), and is likely due to the
cAMP-response elements as well as other clements involved in transcription found in

the promoters of these genes (D’Sa et al. 2002; Torras-Llort and Azorin 2003}
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1.2.1 The PDE1 enzyme family

3’,5’-cyclic nucleotide phosphodiesterase 1 (PDE1) was the first PDE to be
discovered, cloned and characterized (Kakiuchi et al. 1970). PDE1 consists of a
family of enzymes that are Ca* -calmodulin (Ca> -CaM)-dependent, and this family
mediates the cross talk between cAMP and Ca® signalling. PDE1s arc encoded by
three distinct genes (PDETA, PDELB, and PDE1C), with further complexity arising
from alternative mRNA splicing (Giembycz 2005). Two 5'-splice variants have been
identified for bovine PDE1A, namely PDE1A1 and PDE1A2, with ditterent aftinities
for CaM, In humans, six different PDE1A isoforms (PDE1A1 through PDE1AG)
arising [rom the 5> or 3> mRNA splicing were isolated and were validated by both
RT-PCR and tissue expression (Peter et al. 1999). PDEIB generates two splice
variants (PDELB! and PDE1B2). The amino termini of PDE1B1 and PDE1A2 show
close homology, which might explain the similarity in their CaM binding affinity
(Mark et al. 2001). Despite the similarity in their N-termini, PDE1A and PDE1B have

tissue-specific distribulion (Mark et al. 2001).

PDE1IC has been suggested to be involved in smooth muscle proliferation
{Rybalkin et al. 2002) which is charactetistic of COPD and other airway inflammatory
diseases {Giembycz 2005). Compared to PDE] A and PDEIB, which preferentially
hydrolyse ¢cGMP, PDEIC degrades both cAMP and ¢cGMFP with high affinity
(Giembycz 2005). To date, five alternatively spliced products of PDE1IC gene have
been identified in mouse (PDE1C1, PDE1C2, PDEIC3, PDE1C4, and PDEI1CS).
‘Thesc related isoforms showed similar high affinities and V,,, for both cAMP and

cGMP, although responded to Ca*” stimulation differently (Chen 1996).

Pharmacological data have shown that the compound vinpocetine is able to
inhibit all PDE1 isoforms, but inhibits PDEIC with less potency (Chen et al. 1996).
The inhibitors specific to PDEL are suggested to alter sperm motility and capacitation
in humans, Recently, Giembycz (2005) advocated the development of dual-specific
inhibitors of PDEIC and PDE4, the application of which could effectively target
proliferating airway smooth muscle cells by retarding the remodelling process through

PDE1C inhibition and arresting inflammation by way of PDE4 inhibition.
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1.2.1.1 Structure of PDE1

The overall structure of PDET isolorms is well conserved. PDE] isoforms are
composed of dual CaM binding domains, called CaM1 and CaM2, at the N-termini
together with an inhibitory domain and a catalytic domain at the C termini (Goraya
and Cooper 2004). Although the mechanism by which the PDE1 inhibitory domain
maintainsg basal low activity state is still debatable, it has been suggested that in the
presence Ca2'/CaM creates a large hydrophobic cleft on the surface of each of its
lobes, which can accommodatc the amphipathic o helices of PDEI and relieve auto-

inhibition.

1.2.1.2 Regulation of PDE1

Like Ca*"-sensitive ACs, PDE! is activated almost exclusively through
extracellular Ca?* influx in intact celis (Goraya and Cooper DMF 2004), although this
may not occur exclusively via CCE channels (capacitative Ca®" entry). PDEI can
undergo phosphorylation and this reduces the affinity of PDEl tor CaM and its
sensilivity to Ca*" (Rajendra 1991). In addition, dephosphorylation by Ca*"/CaM-
dependent protein phosphatase essentially rcactivates PDEI. Thus, such regulation
confers a possible scenario in vivo whereby increased cAMP induced by hormonal
stimulation temporarily inhibits PDE1 (through PKA). This would generate a positive
feedback loop to evoke a physiological response before Ca®* influx-activated
Ca*'/CaM-dependent protein phosphatase overrides the inhibition of PDE1 by PKA.
The net effect of this is to return the high cAMP level back to normal (Goraya and
Cooper 2004). This hypothesis has been supported by a study in olfactory receptor
cells where both AC3 and PDE1C were expressed.

1.2.2 The PDE2 enzyme family

3°,5 -cyclic nucleotide phosphodicsterase 2 (PDE2) is encoded by a single
gene. It is sensitive to both cAMP and ¢cGMP and is able to hydrolyse both (Yang et
al. 1994), PDYI2 is highly expressed in the brain and heart, and is also found in lung,

kidney, and liver (Rosman ct al. 1997).

The family-specific N-terminal domain of the full length PDE2A contains a

phosphorylation site for calmodulin-dependent kinase, as well as two GAF domains,




one being responsible for the activation of PDE2 enzymes in response to ¢cGMP,
another promoting dimerization of PDE2A {Martinez et al. 2002). Full length PDE2A
hydrolyzes both cAMP and ¢cGMP, with a slightly preference to ¢cGMP under basal
conditions; however, following the binding of ¢cGMP to the allesteric GAF domain,
the enzyme undergoes a conformational change that leads fo its activation and results
in a 10-fold lower Km for cAMP (Iftland et al. 2005).

To date, two generations of compounds have been used to specifically inhibit
PDEZ: the first generation PDE2-selective inhibitor EHNA (erythro-9-(2-hydroxy-3-
nonyl) adenine and the more selective second generation PDE2 inhibitor BAY 31-
9472 (Netherton and Maurice 2005). The application of EHNA to cardiac myocytes
has been shown to increase L-type Ca®* currents (Vandcasteele ot al. 2001). Recently,
[ffland et al. determined the crystal siructure of the catalytic domain of human
PDE2A at 1.7A and identified the active site residues involved in inhibitor and
substrate selectivity in PDE2A. This study provides a rational explanation for the
potent inhibition of PDE2A by EHNA, but not by rolipram, and provides insights into
the dual substrate specificity of PDE2A enzymes (1ffland et al. 2005).

1.2.3 The PDE3 enzyme family

The 3°,5’-cyclic nucleotide phosphodiesterase 3 (PIDE3) family comprises
two subfamilies, PDE3A and PDE3B, both of which can catalyse the hydrolysis of
cAMP and ¢GMP. Although PDE3 binds to both ¢cAMP and cGMP with high
affinities, the apparent lower V. for hydrolyzing cGMP than that for cAMP allows
c¢GMP to act as a potent competitive inhibitor of cAMP hydrolysis by PDE3 (Aizawa
et al. 2003), thus ¢cGMP is considered to inhibit PDE3 (Manganicllo et al. 1995).

Three isoforms PDE3A1, PDE3A2, and PDE3A3 are gencrated from PDE3A
gene due to the alternative splicing, while only one isoform of the PDE3B gene has
been identified so far (Movsesian ct al. 2002; Wechsler et al. 2002).

1.2.3.1 Structure of PDE3

The structural organization of PDE3A and PDE3B proteins is identical and
follows the typical pattern of all the PDI family members (Degerman et al. 1997},




The catalytic domain of PDE3 is flanked by a divergent N-terminal region and a
hydrophilic C-terminal region. Although the amino acid sequence of the N-{erminal
portions of PDE3A and PDE3B are different, both are indicated in thc potential
membrane targeting and regulation by PKA (Leroy et al., 1996). Within the catalytic
domain of PDE3 is a 44 amino actd insert that has no counterpart in the cognate
domain of other PDEs, this distinguishes PDE3 from othcr PDEs and may also
distinguish the two subfamilies of PDE3 (Dcgerman et al 1997). It has been
speculated that the unique insertion within the PDE3 catalytic region may contribute
part, if not all, to the differences in substrate and inhibitor specificities between PDE3
and other PDEs (Tang et al. 1997), or even between PDE3 subfamilies. Recently, the
presentation of a three dimensional structure of the catalytic domain of human PDE3B
by Scapin et al. (Scapin et al. 2004) provides supportive evidence for this. Although
the functional role of this unique insert is not fully understood, it has been suggested
that this PDE3J specific inserl region is important to maintain the elfective structure of

the catalytic domain of PDE3 enzymes (Tang et al. 1997).

1.2.3.2 Biological importance of PDE3 enzymes

The two PDE3 subfamilies, PDE3A and PDE3B, are highly homologous, but
they show a tissue-specific expression pattern (Beavo 1995). PDE3A is mainly
expressed in vascular smooth muscle, platelets, and cardiac muscle, whereas PDE3B
is predominately identified in adipose and liver. This different distribution thus

confers their individual ctfects on different organisms and different cAMP pathways,

Ding et al. (2005) have shown that the expression and activity of PDE3A are
signiticantly reduced in human failing hearts and suggested that PDE3A plays a
unique role in the regulation of cardiomyocyte apoptosis through the proapoptotic
transcriptional repressor inducible cAMP early repressor (ICTR). This action is
unique to PDE3 lamily, as the inhibition of only PDE3, but not PDE4 which is also
largely present in cardiomyocytcs, promoted cardiomyocyle apoptosis, indicating that
PIDE3 and PDE4 regulate distinct pool of cAMP in cardiomyocytes. This concept is
consistent with the previous observation that PDE3 and PDE4 inhibitors clicited
different cAMP dynamics when real-time imaging of ¢cAMP in situ via fluorescence

resonance energy transfer was applied in live cardiomyocytes (Mongille et al. 2004),




Although PDE3A is the major PDE3 isoform in cardiac muscle and PDE3 inhibitors
show great effects on cardiac contractilily, interestingly, mice lacking PDE3A
(PDE3A™) are viable with no other obvious deficiencies except that female PDE3A™
mice are completely sterile due to cAMP/PKA dependent meiotic arrest of the cocyte
{Maurice et al. 2003; Masciarelli et al 2004). This may be explaincd by the fact that
depletion of PDE3A alone may not be sufficient to induce cardiac injury in vivo, and

additional challenge with chronic pressure overload might be required.

It has long been believed that the major PDE3 isoform in cardiomyocyles is
PDE3A. However, a recent study suggested that PDE3B is also important in the
regulation of cardiac function (Patrucco et al. 2004) via the interaction wilh
phosphoinositide 3-kinase v (PI3KYy), albeit this direct interaction is not sufficient to
drive PDE3B activation. PDE3B is indicated as a key agent in the stimulatory action
of cAMP on pancreatic f-cell exocylosis and insulin release (Harndahl et al. 2002),
and the increased activity of PDE3B in p-cells dramatically decreases insulin release.
PDE3B thus is a candidate for therapeutic intervention in type 2 diabetes. It has also
been reported that PDE3B is involved in lipolysis and metubolic turnover, and

thercfore may provide a target for obesity treatment (Scapin et al. 2004).

A number of commercial PDE3 inhibitors exist, such as cilostamide,
milrinone and amrinone, all of which have a pyridazinone core that has been shown to
be important for selectivity over other PDEs (eg. PDE2, PDE4, and PDE7)
(Cdmondson et al. 2003). Howcver, inhibitors that distinguish between PDE3A and
PDE3B are limited. So far, MERCK1 is one such compound that selectively inhibits
PDE3B. Recently, the crystal structure of human PDE3B was resolved by Scapin et al.
(2004) and this finding can be expected to aid in the design of fulure improved PDE3

selective inhibitors.

1.2.4 The PDFE4 enzyme family
3’,5"-¢yclic nucleotide phosphodiesterase 4 (PDE4) is one of the members of

the superfamily that specifically hydrolyses cyclic adenosine monophosphate (CAMP).
Another characteristic of this family is their selective inhibition by the compound,

rolipram (Houslay et al. 1998). Selective inhibitors of PDE4 form the largest group of




inhibitors for any PDE family and have been sludied as anti-inflammatory drugs
targeting asthma and chronic obstructive pulmonary disease (COPD) and also as
therapeutic agents for rheumatoid arthritis, multiple sclerosis, type 11 diabetes, septic
shock, and atopic dermatitis (Giembycz 2000; Souness et al. 2000; Huang et al. 2001;
Piaz and Giovannoni 2000; Barnette and Underwood 2000; Sturton and Fitzgerald
2002). The prototypical PDE4 selective inhibitor rolipram has shown to exhibit anti-
depressant and memory-cnhancing properties (Scott et al, 1991). The development of
dual-specific compounds that can inhibit PDE4 and either PDE1, 3, 5 or 7 may be
desirable because of their potential benefit for the treatment of COPD (Giembycz
2005). The most advanced compound in ¢linical trials for the treatment of asthma and

COPD is Altana’s pumafentriene (roflumilast).

Mammalian PDE4 genes arc orthologous for the dunce gene in the fruitfly
Drasophila melanogaster (Conti et al. 2003), and they encode four subfamilies, called
PDE4A, PDEAB, PDE4C, and PDE4D. Like Drosophila, mammalian PDE4 genes are
composed of multiple transcriptional units and multiple promoters. So far, a total of at
lcast 20 open reading frames for PDE4 genes have been identified, each of which is
characterised by a unique N-terminal region (Houslay et al. 1997; Houslay and Adams
2003).

1.2.5 The PDES enzyme family

3°,5’-cyclic nucleotide phosphodicsterase 5 (PDES) is one of the members of
supcrfamily that specifically cleaves cyclic guanosine monophosphate (¢<GMP), a key
intracellular second messenger. In smooth muscle, PDES is the most expressed
cGMP-hydrolysing PDE and plays a pivotal role in NO/cGMP signalling, which
modulates smooth muscle tone (Corbin and Irancis, 1999). Recently, PPDES has also
been suggested to play a critical role in tubule function and regulate the ¢cGMP
signalling that is important for epithelial fluid transport in Drosophila (Broderick et al.
2004).

PDES is composed of 875 amino acids and was first identified in lungs,
vascular tissue and platelets (Kulkarni and Iatil, 2004). PDES comprises a C-terminal

catalytic domain of ~250 amino acids that are well conserved betwees manunalian




PDEs and an N-tetrninal cGMP-binding domain (GAF) which is also present in PDE2
and PDEG (Stacey et al. 1998). To date, only one gene, PDESA is identified for the
PDES5 family. Thig gene generates two alternatively spliced variants, PDESA1 and
PDE5SA2 (Cotbin and Francis, 1999). In large pulmonary arteries, synthesis of
PDESAZ2 protein has been suggested to account for the decreased ¢cGMP levels and
subsequent decrease in acetylcholinc-induced vasodilation under chronic hypoxic
conditions (Murray et al. 2002), providing a molecular mechanism by which PDE5

inhibitors exert their beneficial effects.

PDES cxists as a dimer, and the N-terminal region of each monomer contains
one phosphorylation site (Ser92), two allosteric cGMP binding sites of ~110 amino
acids arranged in tandem, and at least a small portion of the dimerisation domain
(McAllister-Lucas et al. 1995; Corbin and TFrancis, 1999}, Like the other known
mammalian PDEs, PDES contains two sequences (HX2HX,(E/D)) that resemble the
Zn*" binding sites in the catalytic domain, which arc involved in the catalysis function
of the cnzyme (Francis et al. 1994). In the catalytic domain, a cGMP-binding
substrate site is also present. The binding of ¢cGMP at the catalytic sile preccdes the
binding of ¢GMP at the allosteric binding sites and this is required for the specific
phosphorylation ol Ser92 by PKG or PKA which results in the subsequent activation
of PDIIS (Corbin and Francis, 1999; Burns et al. 1992). This implies a negative
feedback regulation of ¢cGMP levels in the cells. Recently, it has been identificd that
PDES can interact with recombinant PDE6Gy and this interaction serves to prevent the
activation of PDES by PKA (Lochhead et al. 1997). In addition, caspase-3 has also
becn shown to either directly or indirectly interact with PDESAIL, leading to the
clcavage and inactivation PDESA]1 via caspase-3 activated proteases, (Frame et al,
2003). Interestingly, rod PDEy was found to interact with PDESA] and therefore
promote this cleavage of PDIISA| by caspase-3 (Frame et al. 2001).

Sildenafil (Viagra®}, a potent and reversible inhibitor of PDES (ICs¢~4 nM),
is highly selective for this PDE when compared with other known PDE families
(Ballard et al. 1998) and is used as a clinical treatment for male erectile dysfunction.
Recently, other PDES inhibitors that are functioning in vascular smooth muscle have

also been reported they have been shown to amplify the pulmonary vasodilator
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response to inhaled prostacvclin (Schermuly et al. 1999). Thesc include tadalafil
(Cialis™) and vardenafil (Levitra™) (dc Tejada et al. 2001; Eardley and Cartledge,
2002). As PDE5 is also involved in a number of maladies, such as angina,
hypertension, in addition to erectile dysfunction, new and selective inhibitors are now

being intensely explored (Kulkarni and Patil, 2004).

1.2.6 The PDE6 enzyme family

3’,5’-¢yclic nucleotide phosphodiesterase 6 (PDE6) is known as the
photorceeptor ¢cGMP phosphodiesterase. It is ¢GMP specific and highly concentrated
in the internal metnbrane of the rod and cone photoreceptors of the retina (Cole 2004).
This family of PDEs has been shown to play important role in vertebrate
phototransduction by mediating the photoresponse from rhodopsin to ¢cGMP-gated ion
channels. This results in vision through neuronal activities (Arshavsky et al. 2002),
Compared to other PDE families, PDEG6 is unique in its composition, because it is a
tetrameric protein, composed of two catalytic subunits and two identical inhibitory y
subunits. For rod PDEG enzymes, the two calalytic subunits (o and ) form a
heterodimer, while for retinal PDES6, the two catalytic subunits are identical (two os)
forming a homodimer (Arlemyev et al. 1998). Each catalytic subunit of PDE6
contains three distinct domains, a catalytic domain and two GAIF domains
(responsible for allosteric cGMP binding) {Cote 2004). The inhibitory subunits of rod
and cone PDEG are different in their N-terminal regions (Wan et al. 2001). In
response to light, GTP-bound G-protein (transducin) binds to the PDEY subunits and
displaces them, thercby activating the PDE6 catalytic subunits. Recently, it has been
suggested that rod and cone PDLEY are also expressed in lung, kidney, testes, liver,
heart, airway, pulmonary smooth muscic and even HEK293 cells. Intriguingly, it has
been shown that PDEY serves as a novel, non-receptor phosphorylation substrate for
GRK2, allowing it to interact with dynamin II so as to regulate p42/p44 MAPK
signaling in human embryonic kidney 293 cells (Wan et al. 2001). In addition, PDE6
is also known as an effector for the Wnt/Ca**/cGMP-signalling pathway crucial in

development (Wang et al. 2004). This represents another non-visual function of PDE6.

PDEG6 resembles PDE5 with a degree of homology in amino-acid sequernce as

well as in three-dimensional structure of the catalytic dimer, Both also have the ubility
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to bind ¢cGMP at the regulatory GAF domains. This might explain the observation that
a number of compounds that inhibit PDES also inhibit PDEG6 (Cote 2004).

1,2.7 The PDE7 enzyme family

3’,5’-cyclic nucleotide phosphodicsterase 7 (PDE7) is a cAMP-specific
cnzyme, insensitive to ¢GMP and refractory to inhibitors of PDE3 and PDE4
(Michaeli et al.1993). This family of cnzymes was first isolated at the gene level in
1993 from a human glioblastoma ¢DNA library and expressed in a cAMP-deficient
strain of the yeast Saccharomyces cerevisiae, To date, two PDE7 genes, PDE7A and
PDE7B, have been identified in humans. Transcription of PDE7A gives rise to three
isoenzymes (PDE7A1, PDE7AZ2, and PIDE7A3) due to alternative mRNA splicing;
while PDE7B exists as a single isoenzyme with about 70% sequence similarity to
PDE7A (Smith et al. 2004). Except Tor PDE7AZ2 that has not been detected at protein
level, PDE7A isoforms and PDE7B have distinct expression patterns, indicating their
non-overlapping, tissue-specific functions (Gardner et al. 2000). PDE7Al is
distributed ubiquitousfy across human proinflammatory and immune cells, PDE7A3 is
mainly expressed in human T-lymphocytes, while PDLE7B has a broader distribution
paitern, and is found in brain, liver, heart, thyroid glands, und skeletal muscles
{Gardner ¢t al. 2000).

Although the physiological role of PDE7 is not well understood, the
development of PDE7 inhibitors has progressed over the past several ycars because
the distribution of PDE7A1 across human proinflammatory and immune cells mirrors
the cxpression pattern of PDE4 and that a PDE7A inhibitor increased anti-
proliferative and cAMP elevating activity ol rolipram in T cclls without itself
achieving such cffects (Smith et al. 2004). Therc may be a use for developing a novel
class of therapeutic inhibitors which can inhibit both PDE7 and PDE4. This may also
reduce the significant side effect of emesis from PDE4 inhibitor treatment in the

treatment of a wide variety of immune and inflammatory diseases,
1.2.8. The PDES8 enzyme family

3’,5’-cyclic nucleotide phosphodiesterase 8 (PDES) is a class of PDEs which
has high affinity for ¢cAMP and arec IBMX-insensitive (Fisher et al. 1998).Unlike
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classical PDEs such as PDE 1-6, PDE8 was identified using a bioinformatics
approach. Little detailed studies have, however, been done on PDES and our
understanding of this recently discovered PDEs function is poor. PDES8 is known to
have characteristic features that include the PAS (Period, Arnt, Sim) domain and REC
domain, N-terminal to the PDE catalytic domain. However, the functions of these

domains regarding PDES are not known yel.

In humans, the PDE8 family is encoded by two genes, PDE8A and PDEEB
(Kobuyashi et al. 2003), which arc 68% identical in sequence. So far, PDEBA cDNAs
has been isolated from humuns and mice, and PDE8SB ¢IDNAs have been isolated from
humans and rats. Human PDESAL is expressed at protein levels in testis, spleen,
colon, small inlestine, ovary, placenta and kidney; while human PDESB is expressed
in a uniqgue tissue-restricted pattern, which is confined to the thyroid gland. Hayashi et
al. have shown that recombinant PDESB is not inhibited by various PDE inhibitors
including vinpocetine, a PDE1 inhibitor; milrinone, a PDE3 inhibitor; rolipram, a
PDE4 inhibitor, but dipyridamole, at a concentration of 40 uM, inhibited PDESE by
50% (Ilayashi et al, 1998).

1.2.9 The PDEY enzyme family

3’,57-cyclic nucleotide phosphodiesterase 9 (PDE9) is a class of cGMP-
speeific PDEs. It is encoded by a single gene PDEJA in humans and mice (Wang et al,
2003). The transcriptional gene product with alternative N-terminal splicing gives rise
to five isoforms, PDE9A1, PDE9A2, PDEQA3, PDEY9A4, and PDESAS (Guipponi
1998; Wang et al. 2003), These five splice variants have distinct tissue distribution
and subccllular localisation pattern, implying their differential cGMP-hydrolysing
ability within specific cellular compartments in appropriate tissues. Recently, Wang et
al. (2003) reported that PDE9A 1s highly expresscd in immune tissues and cells,

indicating a pivolal role for PDESA in the regulation of immune functions.
Interestingly, as a high alfinity ¢cGMP-hydrolysing PDE, PDE9SA lacks a

region homologous to the allosteric cGMP binding domain found in other ¢GMP-
binding PDEs, such as PDE2, PDES and PDE6 (Fisher et al. 1998).
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PDESA was shown to bc insensitive (up to 100 pM) to a variety of
commonly used PDE inhibitors including rolipram, vinpocetine, SIKKF-94120,
dipyridamole, and IBMX, but was inhibited by zaprinast, which inhibits various
c¢GMP PDIs (Fisher et al. 1998).

1.2.10 The PDE10 enzyme family

37,5’ .cyclic nucleotide phosphodiesterase 10 (PDE10), a dual spccificity
PDE, was identified by a bioinformatics approach (Fujishige et al. 1999). PDE10 can
hydrolyse both ¢cGMP and cAMP, but has been suggested to function as 4« cAMP-
inhibited cGMP PDE (Soderling et al. 1999).

PDEIQA contains two conserved GAF domains at its N-terminus, similar to
their counlerparts in PDE2, PDES, or PDEG (Soderling et al. 1999). The
phosphorylation site of cAMP- or cGMP-dependent kinase in the N-terminal region of
PDEIQA is abscnt but in its place a putative protein kinase C (PKC) phosphorylation
sitc was observed, suggesting that PDE10A may be regulated by PKC (Fujishige et al.
1999). PDE10A has a tissue specific cxpression pattern, and was found particularly
abundant in the putamen and caudate nucleus regions of brain as well as in thyroid
and testis. To date, not much is known about the physiological role of PDEI1Q.

However, selective inhibitors are actively being sought to treat affective disorders,

Sequence analogy study reveals a high degree of homology in the catalytic
domain of PDE10A to that of PDESA (47%) and PDE2A (42%). This might lead to a
conclusion that inhibitors of PDE3 or PDE2 can inhibit PDELO isoenzymes, Indeed,
only cGMP PDE inhibitots (zaprinast, E4021, SCH51866, and dipyridamole), but not
PDE2 inhibitor {(EHNA) or non-selective PDE inhibitor (IBMX), antagonized
PDEI0A activity efficiently (Fujishige et al. 1999).

1.2,11 The PDE11 enzyme family

3°,5’-¢cyelic nucleotide phosphodiesterase 11 (PDE11) is the most recently
discovered member of the PDE superfamily, So far, only one gene, PDEI1A, has
been discovered. In common with various other PDE family gene members, PDE1TA

encodes four isoforms by virtue of alternative splicing, and these isofoms are named
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PDE11Al, PDEI1A2, PDE11A3, and PDE11A4. PDE]1AIl possess an incomplete
GAF domain, PDE11A3 has a complete GAF domain and an incomplete GAF domain,
while PDE1t A4 contains two complete GAF domains (Yuasa et al 2000; Fawcett et al.
2000). To date, only two of the isoforms, PDE11A3 and PDE11A4 were detected at
the level of protein. PDE11A3 transcripts are specifically expressed in the testis,
while PDE11A4 transcripts are found in human prostate, pituitary, heart and liver, but
not in blood vessels, cardiac myocytes, skeletal muscle, testis or penis. The
physioclogical role of PDE11A has not been determincd, bul a PDESA inhibitor,
Tadalafil (Cialis®), has been shown to partially inhibit PDE11.

1.2,12 PDE and diseases

Mutations in subunits of PDEG in the retina are the basis of some forms of
hereditary retinitis pigmentosa and stationary night blindness (Dryja et al. 1999; Gal
et al. 1994). Differential expression of PDE4 isoforms has been described in lung
macrophages from patients with COPD, with an increased expression of PDE4A4
transcripts (Barber et al. 2004). Recenily, the PDE4D gene has been identified as the
most likely candidate susceptibility gene for cardiogenic and carotid ischemic stroke
(Gretarsdottir et al. 2003). Although the precise pathogenic mecchanism of the
disregulation of PDE4D expression for stroke is still not clear, it is known that
PDEA4D is expressed in many cells that are tmportant for the pathogenesis of
atherosclerosis, an important risk factor in stroke. Morc rccently, a PDE4B gene
disrupted by a balanced translocation has been identified in a subject diagnosed with
schizophrenia and a relative wita chronic psychiatric illness, This finding therefore
provides a primary evidence for PDE4B as a genetic susceptibility factor for

schizophrenia (Millar ct al, 2005).

1.3 Molecular biology and biochemistry of the PDE4 enzyme family

1.3.1 PDE4

PDE4 is encoded by four genes, PIDE4A, PDFE4B, PDE4C, and PDE4D.
PDEAA, 4B, 4D arc cxpressed in inflammatory cells such as T cells, B cells,
eosinophils, ncutrophils, airway epithelial cells and endothelial cells (Bumouf” and
Pruniaux 2002). The expression of PDE4C is usually weak in these cases, In HEK293
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cells, PDE4B and PDE4D arc predominantly expressed, while PDE4C was hardly
detceted (Lynch et al. 2005). PDE4 isoforms have been suggested (Houslay et al.
2005) to have non-overlapping functions in the cells, and the understanding of this is
much accelerated with the advent of gene knockout approaches (Hausen et al. 2000;
Jin and Conti 2002; Ariga et al. 2004), and crucially, the devclopment of both
dominant-negative (Baillie et al. 2003; McCahill et al, 2005) and siRNA-mediated
knockdown strategies (Lynch et al. 2005). These approaches have helped to discern
the functional role of individual PDE4 isoforms. siRNA-mediated knock down can be
used to target either entire PDE4 subfamilies or specific isoforms, dependent on the
probe design (Lynch ct al. 2005), whereas dominant negative strategics exploit the
largeting of specific isoforms by overexpressing a catalytic inactive forms to displace
the tethered endogenous active species from the functionally relevant site in the cell

(Baillie et al. 2003; Baillie and Houslay 2005).

1.3.1.1 Structare of PDE4 isoforms

The 16~18 different PDE4 isoenzymes that are expressed in mammalian cells
have closely related kinetic propertics and jon requirement (Conti ct al. 2003).
Products of any single PDE4 gene all have a comumon unit, consisting of a highly
conserved catalytic domain together with a PDE4 subfamily-specific C-terminal
domain. The signature of cach isoenzyme is a unique variant-specific N-terminal
region (Houslay and Adams 2003). [n most cases, the N-terminal region is encoded by
a single 5’ exon, although two such 5’ exons are present in PDE4C1 (Sullivan ¢t al.
1999). The promoters that drive the generation of these isoenzymes are shown to lie
immediately upstream of the 57 exon that encodes their N-terminus (Flouslay and
Adams 2003; Rena et al, 2001; Wallace et al. 2005). The four PDE4 subfamilies,
PDE4A, PDE4B, PDE4C and PDIE4D are each encoded by large genes around 50 kb

consisting of multiple exons.

Functional PDE4s can be categorized into three groups, namely long PDE4
isoenzymecs that cxhibit both upstream conserved region 1 and 2 (UCR1 and UCR2),
short PDE4 isoenzymes that lack UCR1 but have intact UCR2, and supershort PDE4
isoenzymes that not only lack UCR1, but have a NH2-terminally truncated UCR2

(Houslay and Adams 2003). UCRI1 is adjacent to the N-terminal of long isoenzyme,



while UCR2 is adjacent to the N-terminal of the catalytic unit. These two modules are
joined together through linker region 1 (LR1) and LR2, both of which vary in the four
PDE4 subfamilies (Figure 1.4).

Uniquely, the PDE4A gene encodes an isoform, PDE4A7 that lacks PDE
activity. Inspection of the gene sequence has suggested that the molecular basis of this
phenomenon is due to the mRNA splicing at both the 5° and 3° end (Ilorton et al.
1995; Johnston et al. 2004).

UCR1 and UCR2 function as a regulatory domain that controls the catalytic
unit, and confers regulatory functions on PDE4 by orchestrating the functional
ouicome of phosphorylation by PKA and ERK (Houslay and Adams 2003). This gives
a key insight into the existence and importance of alterative mRNA splicing variants
(Beard et al. 2000; Mackenzie et al. 2000; Sette and Conti 1996). Biochemical pull-
down and two-hybrid analyses show that it is the hydrophobic C-terminal portion of
UCRI1 that inleracts with the hydrophilic N-terminal region of UCR2 (Beard et al,
2000), and the direct contact of UCR2 with the catalylic unit may exert an inhibitory
effect on the activity of the PDE4 catalytic unit. This was found in both PDE4D (Lim
et al. 1999; Jin et al. 1992} and PDE4AS (Beard et al. 2002). In briet, long PDE4
isoforms are phosphorylated by PKA at a site present in the N-terminal of UCR]
leading {o an increase in Vo, of the enzyme. The interaction of UCR1 and UCR?2 is
thought to be relevant to the mechanism of enzyme activation by PKA
phosphorvlation. Moreover, PKA phosphorylation also enhances the scnsitivity of
PDE4D3 and PDE4A4 to stimulation by Mgz"' (Houslay and Adams 2003).

All PDE4 subfamilies, except for PDE4A, contain a single ERK consensus
motif (Pro-Xaa-Ser-Pro) within their third subdomain of the catalytic unit. This serinc
residue is subject to phosphorylation by ERK both in vifro and in vive (MacKenzie et
al. 2000). Flanking this motif are two ERK docking sites, one of which is a common
docking site (‘KIM®), utilized by both ERK and JNK, another is specific for ERK,
called ‘FQF’ motif, More complicated than PKA phosphorylation, ERK
phosphorylation of PDE4s leads to different activity changes due to the nature of
PDE4 isoforms as well as the cell type, the nature of the prevailing stimuli and

temporal window over which analyses are made (Houslay and Adams 2003). In PDE4



long isoforms, a novel feedback regulatory system exists, where the transient
inhibition of PDE4 by ERX is rapidly overturned by the subsequent activation of PKA
(Hoffmann et al. 1999). Interestingly, ERK was shown to mediate PKA activation of
PDEA4D isoforms in aortic smooth-muscle cells through a different pathway involving
COX2 (Baillie et al. 2001; Liu and Maurice 1999).

1.3.1.2. Presence of signalling complexes involving PDE4s

The plethora of PDE4 isoforms are uniquely characterized by their distinct
N-terminal region, which can confer intracellular targeting, as well as interaction with
putalive binding partners. Thereby they may form spatially constrained signalling
complexes that underpin the compartmentalization of cAMP and integrate with other
signalling pathways. Thesc properties can be seen in the binding of Src family tyrosyl
kinases to PDE4A4/S (McPhee et al. 1999) and PDE4D4 (Beard et al. 1999), of
RACK]1 to PDE4DS (Yarwood et al. 1999; Bolger et al. 2002); of B-arrestin to
PDE4DS5 (Bolger et al. 2003); of myomegalin to PDE4D3 (Verde et al. 2001); of the
immunophilin XAP2 to PDE4AS (Belger et al. 2003) and of DISC] to PDE4B31
(Milar et al. 2005).

The abilily of PDE4D3 to interact with mAKAP through its unigue N-
terminal region has also been shown (Dodge ct al. 2001). This offets a signalling
complex with potential for controlling a unigue negative feedback, Thus, as cAMP
level rise and mAKAP-associated PKA activated, it will phosphorylate and activate
PDE4D3, which in turn lowers ¢cAMP levels then facilitates the de-activation of
mAKAP-bound PKA and the subsequent dephosphorylation of PDE4D3. In cardiac
myocytes under hypertrophic conditions, the spatial redistribution of PDE4D3, due to
the dynamic interaction with mAKAP, is thought to contribute partly to the altered
cellular functioning seen subsequent to heart failore. In addition to mAKAP, another
AKAP, called AKAP450, has also been shown to interact with PDE4D3, but
differently as their interaction is carried out through the UCR2 moduie of PDE4D3
(Tasken et al. 2001).

Interestingly, lhe super-short form PDE4AT1T is entirely membrane-associated

and its bilayer association is attributable to the novel microdomain, called “TAPAS-1’
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{(tryptophan anchoring PA selective domain 1), which confers Ca®* gated insertion and

shows a preferential binding for net -2 charge phosphatidic acid (Baillie et al. 2002).

PDIi4 isoforms interact with signalling or scaffolding proteins not only via
their N-terminal or UCR2 regions, as demonstrated above, but also through the
catalytic domains with which they provide the subsirate domain for ERK (MacKenzie
et al. 2000) and B-arrestin (Perry et al. 2002). As the catalytic domain in each PDE4
isoform is well conserved across PDE4 subfamilies, these interactions are not

reckoned to be isoform-specific.

1.3.1.2.1 RACK1

RACK] was originally identificd as a scaffolding protein for activated C-
kinase (Ron et al. 1994), but its role has been expanded through identification of a
number of novcl binding partners (McCahill et al, 2002), ranging from protein kinases
(Yaka et al. 2002; Ron et al. 1999; Kiely et al. 2002; Chang et al. 2002), the
phosphodiestcrase PDE4DS5 (Yarwood et al. 1999) to numerous receptors (Yaka et al.
2002; Kiely et al. 2002; Geijen et al. 1999; Thornton et al. 2004). This variety of
RACK-binding partners suggest that RACK1 is a mulii-purpose protein that is
involved in various biological functions, such as the regufation of heart contraction by
noradrenaline (Johnson ¢t al. 1990), glucose-stimulated insulin secretion in pancreatic
B cells (Yedovitzky et al. 1997), NMDA channel function (Thornton 2004}, and
integration of adhesion and insulin-like growth factor T signalling and cell migration
(Kiely et al. 2005).

RACKI is a 36-kDa protein that contains seven tryptophan/aspartate (WD)
repeats that are belicved to form a seven-bladed [3-sheet propeller structure, conferring
the availability of multiple protcin interaction surfaces (Sondck et al. 1990). Recent
biochemiecal and structural studies have shown that at least two of the WT repeats are
important for RACKI self-regulation. One is the 4™ repeat which is involved in the
formation of RACKI1-homodimer (Kiely et al, 2005), another is the 6" WD Tepeat
where two highly conserved tyrosines are phosphorylated by Sre kinase (Chang et al.
2002). In addition, WD repeats S, 6, and 7 have recently been shown to provide a
bifurcated frough that can accommodate PDE4DS through its RAID1 (RACKI1
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interaction domain) located within its unique N-terminal region (Steele et al. 2001).
Although GPy shares a highly identical sequence homology with RACKI, it does not
interacl with PDE4D5 (Yarwood ot al. 1999), The intcraction sites on both RACK!
and PDE4DS5 has been extensively explored, however, the functional consequences of
their interaction are still an enigma. Nevertheless, the most possible role of their
interaction has been proposed that the recruitment of PDE4D3 to RACKI1-containing
complex controls cAMP levels in the close proximity of this complex and therefore
regulates the PKA-phosphorylation status of RACK1-associated proteins within the
samc complex (Houslay and Adams 2003).

1.3.1.2.2 B-arrestins

Two visual arrcsting, P-arrestinl and [-arrestin2 comprise a family of
intracellular proteing that play a vital role in the desensitization of many GPCRs
(Luttrell and Lefkowitz 2002). Visual arrestin i3 60% and 65% identical in amino acid
composition to B-arrestinl and B-arrestin2 respectively and predominantly localized
in rod photoreceptor cclis of the retina. The P-arresting are 78% identical in amino
acid sequence and widely expressed in tissues, but their expression level varies in a

cell-specific fashion (Attramadal et al. 1992; Sterne-Marr et al. 1993).

In the classic paradigm of receptor desensitization, agonist-occupied and
activated B2AR couples to Gs, leading to the activation of membrane-bound ACs and
generation of ¢cAMP. This process is rapidly desensitized when G-protein-coupled
receptor kinases (GRKs) phosphorylatc the activated PrAR, which promotes the
recruitment of cytosolic fi-arrestins to the plasma membrane and thus uncouples the
further interaction between [2AR and Gs (Luttrell and Lefkowitz 2002). Recent
studies add a new facet of P-arestin function to this f;AR desensitization process as
B-arrestin has been shown to form a complex with PDE4 enzymes (Perry et al. 2002).
This provides a means of delivering a cAMP-degrading enzyme to the site of CAMP
synthesis and quenching the existing cAMP at the plasma membrance in an agonist-
depcndent manner (Figure 1.7), Indeed, all PDE4 isoenzymes bind P-arresiin,
independent of agonist treatment, through a common site located within their
conserved catalytic domain (Bolger et al. 2003; Perry et al. 2002). In addition,
PDE4D5 preferentially interact with B-arrestin through an extra B-arrestin binding
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region located within its unique N-terminal region (Bolger et al, 2003). The functional
significance of this interaclion was clearly demonstirated using an overexpressed
catalytically inactive PDI4 construct, which resulted in a selective amplification of
agonist-induced PKA activation towards BAR and the subsequent Src-regulated Gi

switching which allowed activation of ERK pathway (Baillie et al. 2003).

Following desensitization, GPCRs are removed from the cell surface by a
process of internalizalion (also termed cndocytosis or sequestration). GRK-mediated
phosphorylation and B-arrestin binding facilitates many GPCRs internalization. This
includes B2AR, angiotensin II type la, m2-m5 muscarinic cholinergic endothelin A,
22 dopamine, fullitropin, monocyte chemoattractant protein-1, CCRS and CXCRI
receptors (Ferguson 2001). More than one mechanism is involved in mediating
internalization of GPCRs, which are clathrin-coated vesicles, caveolae and uncoated
vesicles (Claing et al. 2002). The cxtent of B-arrestin invelvement is dependent on the
receptor, agonist and cell type. In general, many GPCRs interact with P-arrestins and
undergo internalization via clathrin-coated pits. Thus, B-arrestins hoth desensitizes
agonist-activated receptors and promotes their internalization through clathrin-coated
pits by binding to clathrin (von Zastrow and Kobilka 1994), In addition, B-arrestin
links directly to the J,-subunit of the clathrin-AP2 (adaptor protein 2) complex, a
complex that targets many receptors to the clathrin endocytic machinery and is
involved in the initiation of clathrin-coated pit formation (Laporte et al. 2000).
Therefore, by binding to both clathrin and AP2, B-arcestin facilitates the targeting of
the activated receptors to the endocytic machincry. Based on the pattern of -arrestin-
mediated GPCRs trafficking in the cells, GPCRs are classified into two groups
(Oakley et al. 2000), Class A receptors include J2AR, oyp-adrencrgic receptor, u-
opiod receptar, endothelin ETI1A receptor and dopamine D) receptor, the binding of
which to B-arrestin is transient during internalization. On the other hand, Class B
receptors, represented by the angivlensin ATy, ncurctensin 1, vasopressin 2,
thyrotropin-relcasing hormone and neurokinin NK-1 receptors, form stable complexes
with B-arrestin and traffic together during endocytosis. Recently, Lefkowits et al,
have reasoned that these distinct intracellular frafficking patterns of the two classes of
receptors may be duc to the different kinetics of (J-arrestin ubiquitination and de-

ubiquitination (Lefkowitz and Whalen 2004),
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Research on arresting has rapidly expanded over the past few years. There
has been very considerable interest in how it links to the activation of ERK. This rose
from demonstrations that the Src family non-receptor tyrosine kinase was shown to
bind P-arrestin (Luttrellet al. 1999). Recently, the components of MAP kinases
including ERKs, JNKs, and p38 (Marinissen and Gutkind 2001), the downstream
elements of highly conscrved cascades of MAPKKKSs and MAPKIKs that lead to the
activatton of the MAP kinases (Reiter and Letkowitz 2006), have all been found to
bind to P-arrestins. Due to the heterogeneily and diversity of kinases of cach level of
the MAPK cascades (for example, there are five ERKs, four p38 and three JINKs), 3-
arrestins have been suggested to function as scaffolding molecules Lo ensure fidelity

and efficiency in activating specific MAPK molecules.

Furithermore, B-arrestins have also been shown to be involved in cell motility,
chemotaxis and apoptosis (l.efowitz and Shenoy 2005), which require B-arrestin-
dependent activation of ERK or p38 MAPK (Wei ct al. 2003; Azzi et al. 2003; Sun et
al. 2002).

1.3.1.2.3 AKAPs

AKAPs are a large family of structurally unvelated proteins that bind to PKA
(Michel and Scott 2002). This interaction is carried out through the amphipathic helix
from the AKAP and the hydrophobic pocket formed at the dimerization interface of
the RII regulatory (cAMP binding) subunit of PKA. Functioning as other scaffolding
proteins, AKAPs constrain PKA pools at different subcellular localizations, therefore
conferring the comparlinentalized responsc on PKA substrates that are either within
the same complex or in their close proximity. Recently, a number of studies on
AKAPs have broadened the list of the identification of AKAP-associated proteins.
This includes other kinases (eg. PKC) (Klauck et al. 1996), phosphodiesterases
(IIouslay and Adams 2003), phosphatases (Smith et al. 2006}, GPCRs (Malbon et al.
2004) and G proteins {Diviani et al, 20006).

One of the properties of AKAPs is to target signaling intermediates to a

specific microenvironment where they can respond to upstream signals. This has been

demonstrated extcnsively for PDE4D3 and mAKAP (muscle-selective AKAP).
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mAKAP uses a site distinct from its PKA-R subunit interaction site to bind to the
unique N-terminal region of PDE4D3 and facilitates the phosphorylation and
activation of PDE4D3 by localized PXA (Houslay and Adams 2003). This provides a
unique negative feedback loop. Indeed, when cMAP levels rise and mAKAP-PKA is
activated, PDE4D3 that is located in the samc signaling complex is consequenily
activated by the phosphorylation by PKA. This activation thus amplifies the ability of
PDE4D3 to degrade cAMP, hence decreasing the activity of mAKAP-bound PKA., As
such, the system recsets itself to the basal condition (McConnachic 2000). The
PDE4D3-mAKAP-PKA modulc in a spacially localized sclf-regulatory system has
been suggested to have clinical importance in the altered cellular function seen aftcr

heart failure (Dodge et al. 2001).

AKAP450 has the same complex of PDE4D and PKA RII (Tasken et al.
2001) in Sertoli cells of the testis, located in the centrosome. The interaction site on
PDE4D for AKAP450 was mapped to its UCR2, indicating that other long PDL4
isoenzymes may also bind to AKAP450 (Tasken et al. 2001). Additional components
of this signaling complex, such as PP1 and PP2A have also been suggested as
AKAP450 can bind to these phosphatases (Westphal et al. 1999),

Recently, it has been suggested that PDE4D3 is in complex with the Ca®”
channel RyR, PKA, mAKAP and PP1 in cardiomyocytes (Marx et al. 2000; Kapiloff
et al. 2001).

In addition, AKAP79, which constitutively anchors PKA to the (AR, and
gravin that binds the B2AR in an agonist-dependent manner, are both involved in an

exquisite orchestration of spatial and temporal downstream signaling (Tao et al. 2003;
Cong et al. 2001).

In Jurkat T cells, another PDE isoform PDE7A which is has been identified
to be associated with AKAF149 at the nuclear membrane, with AKAP95 in the
nucleus and with novel Golgi associated AKAPs derived from the myeloid

translocation gene (MTG) (Asirvatham et al. 2004). This new evidence of functional
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PDE-AKAP complexes present in real cells underpins the importance of such

complexes in tightly controlling compartmentalized cAMP signaling,

1.3.1.3 Inhibitors

Selective inhibitors of PDE4 form the largest group of inhibitors for any PDE
[amily, and have been studied as potential therapeutic reagents for many diseases (see
review: Lipworth 2005). Rolipram, a highly selective first gencration of PDE4
inhibitor, has heen used for many years as a research tool to chemically ablate PDE4
activity and investigate the role ol PDE4. Recently, Sanz et al. (2005) have reviewed
the anti-inflammatory and anti-immunomodulatory effects of rolipram. It is now
generally accepted that PDE4 has at least two conformations, HARBS and LARBS,
for which rolipram has high and low binding affinities, respectively (Houslay and
Adams 2003). While PDE4L is associated with anti-inflammatory activity, HARBS,
which is generally cxpressed in the central nervous system, has been linked to the
high levels of adverse effects, such as nausea and vomiting (riggered by rolipram
treatment (Chung 2006). This limitation by class-associated side effects thus calls for

a need for a PDE4 inhibitor with a wide therapeutic ratio.

New second generation PDE4 inhibitors have now been developed with the
hope of providing a wider therapeutic ratio, particularly with respect of overcoming
nausea and vomiting (Burnouf and Prumiaux 2002). These inhibitors include
cilomilast, roflumilast, arofylline, C-3885 etc. However, currcntly, among these
inhibitors, only two of them, cilomilast and roflumilast, have reached phase III

clinical trial stage (Chung 2006; Lipworth 2005}.

In addition, PDE4 inhibitors have been investigated in the mediation of

memory (Zhang et al. 2005) and infection-induced preterm labour (Oger et al. 2004),

Selective inhibitors of PDE4 sub-families may represent a favourable
pharmacological strategy for the (reatment of TNF-o mediated diseases such as
rhcumatoid arthritis, Crohn’s disease and scptic shock. PDE4D-specific inhibitors are
used in the treatment of airway diseases associated with smooth muscle contraction,

such as asthma and chronic obstructive pulmonary disease (Mehats et al. 2003); while

34



targeting of PDE4B gene tevealed an essential role of this isoform in the innaic

immune response mediated by TNF-a.

Recently, it has been suggested that nausea and emesis, the most common
side effect of PDE4 inhibitors, may be caused by the inhibition of PDE4D in the brain
(Robichaud et al. 2002), Towever, this has yet to be proven. In addition, an increasing
amount of evidence has indicated the non-redundant functions between PDE4
isoforms. Thus design of inhibitors selective for specific PDE4 sublypes is strongly
desired. Undoubtedly, the understanding of these PDE4 subtypes at the atomic level,
would greatly facilitate the design of PDE4 isoenzyme-specific inhibitors with
reduced side effccts and improved therapecutic use in a varietics of diseases. To date,
several papers have elucidated the isoenzyme structure of PDE4 family members,
including PDE4B (Xu et al. 2000) and PDE4D (Huai et al. 2003; Lee et al. 2002).
These structures reveal that the selective binding of rolipram to PDI4s, shows a
conserved variation of inhibitor binding residucs across the PDE families, suggesting
that the inhibitor specificity is determined by the chemical nature of amino acids and
the conformational variation of the binding pockets (Houslay and Adams 2003; Card
et al. 2004; Huai et al. 2003). Zhang et al. {2004) have described the mechanism of
nucleotide selectivity based on the co-crystat structure of PDE4B and PDE4D with
AMP, PDESA with GMP, and the apostructure of PDE1B. In their study, an invariant
glutamine has been suggested as the key specificity determinant for recognizing the
purine moiety in cAMP or ¢GMP, and the surrounding residues contribute to
anchoring the glutamine in different orientations lor cAMP and for ¢cGMP. In addition,
the crystal structure of the human PDE4D2 catalytic domain in complex with AMP
was obtained independently by another group, and it has been suggested that a
hydroxide ion or water bridging two metal ions may serve as the nucleophile for the
hydrolysis of the cAMP phosphodiester bond (Huai et al. 2003), This structural
information on PDE4 in complex with AMI/GMP sheds light on the hydrolysis action
of PDEA4, provides insight into how more specific PDE4 inhibitors can be rationally
designed (Zhang et al. 2004).

1.3.1.4 Compartmentalization of cAMP and PDE4 enzymes
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The pioneering work of Brunton and colleagues (Brunton et al. 1998) has led
to recognition of the paradigm for cAMP signalling compartmentalization. They
showed that in cardiac myocytes, various Gs-coupled receptors caused different
physiological outputs via the compurtmentalized changes in cAMP and the
subscquent selective activation of ‘pools’ of PKA. In some instances, PKA and PDE
have been shown to be part of the same scaffold signalling complex where a negative
feedback loop can be rapidly activated (Tasken et al. 2001; Dodge et al. 2001). The
recruitment of PDE4 to activated recepiors, as scen in cardiac myocytes and T cells
(Bolger et al. 2003; Arp ct al 2003), contributes to the degradation of cAMP near the
site of synthesis. This delimits the spatial-temporal wave of cAMP propagation in

combination with intracellular molecular and physical barriers to diffusion.

The advances in development of visualisation techniques using FRET
probes, based on either PKA or EPAC, cAMP gated ion channels, or the sclective
activation of AKAP-anchored PKA isoforms, have helped overcome the difficulties in
visualizing compartientalized cAMP (Zaccolo and Pozzan 2002; Zhang et al. 2001;
Bos 2003; Nikolacv 2004).

Adenylyl cyclases and PDEs are pivotal in shaping and controlling
intracellular cAMD gradients in cells (Baillie and Houslay 2005; Houslay and Adams
2003). ACs are located at the plasma membrane, and activation of AC sub-
populations found in distinct ptasma membrane sub-domains by specific Gs-coupled
receptors is suggested to generate spatizlly segregated ‘clouds’ of cAMP from
different plasma membrane locales. However, the plethora of PDE4 isoforms,
together with Lheir individual defined intracellular micro-environments and particular
regulatory properties, make them predominant players in compartmentalizing cAMP
and regulating inputs from other signalling pathways (Baillie et al. 2005) (Figure 1.6}.
Indeed, selective chemical knockout of PDE4 activity, coupled with the use of
dominant negative PDE4 constructs, has identified this family of isoenzymes as a key
contribute in modulation of isoprenaline-stimulated gradients of cAMDP in cardiac
myocytes and cultured cells (Rochais et al. 2004; Mongillo ct al. 2004; Lynch et al.
2005). That PDE4s can associate with other proteins, allowing them to be strategically
anchored throughout the cells (Houslay and Adams 2003) further confirms their role

in shaping thc cAMP gradients. Furthermore, as the importance of PDE4 in
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engineering comparimentaliscd cAMP gradients is recognised in a number of papets,
the use of selective PDE4 inhibitors as drugs to combat a number of human diseases
looks likely (Baillie et al. 2003, Lynch et al. 2005; McCahill et al. 2005; Abrahamsen
et al. 2004).

More recently, Karpen and coworkers have shown that a pool of cAMP
below the plasma membrane does not equilibrate rapidly within the bulk of the
cytoplasm, and more importantly, that PDE4 activity is crucial for this
‘microdomain’-concentrated cAMP regulation. Thus, PDE4 regulation is likely to be
involved in controlling cAMP access to its effectors close to the plasma membrane
(Rich et al. 2001). A similar cAMP microdomain modulated by PDE4 has also been
demonstrated in cardiac myocyles where cAMP accumulation in responsc to -
adrencrgic agonists occurs preferentially in a region covering the Z band and the T-
tubules (Zaccolo and Pozzan 2002). This is consistent with the obsecrvation that
myomegalin serves to anchor long isoforms of PDE4 close to the Z band in proximity
to the L-lype channels, RyR and PKA (Mazxx et al. 2000;Verde et al, 2001).

1.3.1.5 Short-term regulation of PDE4s

Post-translational modification often governs short-term regulation of
proteins. Responses to many extracellular and intracellular stimuli often elicit post-
translational modification on a variety of cellular proteins, which in turn further
propagates the signal downstream. This can be achieved via the activation of scveral
signalling pathways, alterations in subcellular localization, and the formation of
physical protein-protein interactions (Jesen 2004). So far, almost every cellular
pathway discovered uses post-translational protcin modifications to generate and
transmit signals in respond to growth signals, stresses and chemical stimuli (Johnson
2004). Unti} recently, only large molecule moietics that covalently attach to cellular
proteins had been studied extensively, Such meodifications, triggered by ccllular
responses involved phosphates, various lipids, acetate or sugars (Muller et al. 2001),
Among those modifications, protein phosphorylation is best understood (Hunter 1995).
All PDE4 isoforms from four subfamilies (apart from PDE4A) can be phosphorylated
by BERK and all long isoforms are shown to be susceptible to PIKA phosphorylation
(Baillie et al. 2000; Houslay and Adams 2003). The outcome of a specific




phosphorylation event varies dependent on the category of the PDE4 isoform, as well
as the identity of the protcin kinase. Much is known about the [unctional
conscequences of activity regulation of PDE4s resulting from phosphorylation post-

translational modifications.

In the past two decades, ubiquitination and swmoylation have been identified
as novel and important post-translational modifications that contribute to the altered
functioning of the modified proteins, Sequence analysis of PDE4 gencs during my
PhD studics has revealed that some specific PDE4 gene products may have the
potential to undergo ubiquitination and sumoylation, These two post-translational
modifications und their characteristics are further discussed with respect to PDE4 in
Chapters 4 and 3.

1.3.1.5.1 Phosphorylation

Recently, PDI'4 has been identified as a key modulator of integrin-induced
actin assembly at the cell periphery, which, in tum, controls cell migration and thiy

effect is PKA dependent (Fleming et al. 2004).

The activity of the PDI34 isoenzymes can be regulated by phosphorylation at
certain key sites and the mode of this regulation has been shown to be rapid and
transient. The best cxample comes from the studies on the PDE4D3 isoform. PDE4D3
is a long PDE4 isoform, which contains a conserved single scrine residue Ser54 at the
N-terminal of UCR1 within the PKA consensus motif, RRESF. In mammals, such
phosphorylation increases PDE4D3 activity (Selte and Conti 1996). This was
confirmed by the observation that replacement of Ser54 with an aspartate residue,
which mimicked the phosphorylation at this site, lcd to a 3~fold increase in enzymatic
activity (Hoftimann et al. 1998). It has been suggested that this phosphorylation results
in a conformational change in the catalytic domain, therefore increasing the PDE4D3
affinity towards rolipram. Recently, the funclion of another PDE4D3 serine (Serl3)
phosphorylation was rcvealed, This phosphorylation modification promoted the
binding of PDE4D3 to mAKAP (Carliste Michel et al. 2004), which can provide part

of the cellular desensitization mechanism of cAMP signalling.
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In addition to being phosphoryiated by PKA in its N-terminal and UCRI
region, PDE4D3 is abie to undergo phosphorylation by ERK2 at its COOH-terminal
end of the catalytic domain (Figure 1.5) (Hoffmann et al. 1999), Activation of ERK
pathway by epidermal growth factor (EGF) in COS-1 or HEK293 cells resulted in a
rapid (within 5 min) drop in the activity of recombinant PDE4D3, and this inhibition
was indicated as the result of being phosphorylated by ERK?2 at its Ser579. Ilowever,
over 20 minutes this inhibitory effect on PDE4D3 was reversed due to the feedback
action of PKA that activated PDE4D3 by phosphorylating its Ser54. Thercfore,
PDEAD3 provides a perfect point of crosstalk between the ERK pathway and cAMP
pathway,

As the UCRI single serine Ser54 in PDE4D3 is found in all long PDE4
isoforms, it confers the ability of these enzymes to be phosphorylaied by PKA
(Houslay and Adams 2003). Indeed, long PDE4 isoforms from all four sub-families
(PDE4Ag, PDE4BI, PDEAC and PDE4D3/5) have been shown to be phosphorylated
at a single serine residue in UCR1 by PKA in COS1 cells (MacKenzie et al. 2002) and
this serves to increasc their activity, modulate Rolipram affinity, Mg®" sensitivity and
the re-programming of the functional output of ERK phosphorytation (Fouslay and
Adams 2003).

Interestingly, the ERK2 phosphorylation site (Pro-Xaa-Ser-Pro) at the third
subdomain of the catalytic unit is present in all PDE4D, PDE4B and PDE4C isoforms,
to confer these isoforms the ability to he phosphorylated by ERK2. The exception to
this is PDE4A that contains a slightly different sequence (RXSP), and fails to provide
a subsirale for ERK2 (Hoffinann et al. 1999). Indeed, PDE4AS can in fact be
phosphorylated after growth hormone treatment through a process that lics
downstream of both PI-3 kinase and p70S6 kinase (MacKenzie et al. 1998),
Interestingly, BERK2 phosphorylation has profoundly different functioning outcomes
for the three different categories of PDE4 isocnzymes, For example, phosphorylation
of long PDE4 isoforms that contain both UCR1 and UCR2 by ERK2 leads to the
catalvtic inhibition, and such inhibition causes a localized increase in cAMP levels. In
contrast, short PDE4 isoforms such as PDE4D1 that lacks UCR1 but contains an
intact UCR2 are stimulated by ERK2 phaosphorylation. Furthermore, super short
PDE4 isoforms, represented by PDE4D2 that lack all the UCRI and the first 32 amino
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acids of UCR2, are inhibited by ERK?2 phosphorylation, but to a lesser extent than
that seen with PDE4 long isoforms (MacKenzie et al. 2000; Houslay and Adams
2003). All these suggest an intrinsic inhibitory role of UCR2 in rcgulatingPDE4
activity (Figure 1.5).

1.3.1.5.2 Ubiquitination

Ubiquitin {Ub) is a 76-amino acid protein which is highly conserved in all
eukaryotes and present in most organisms studied (Hatakeyama and Nakayama 2003}
It is & very stable protein and recalcitrant to high temperature and acid or alkaline
exposure. Ubiquitin is synthesised as a precursor protein, the C-terminal of which
needs to be processed by specific proteases to expose a double glycine end. The
covalent attachment of Ub molecule to a substrate protein is called ubiquitination.
Ubiquitination is a chemically complex process that forms an isopeptide bond
between the COOH-terminal glycine of Ub and g-amino group of a lysine residue in
the substrate (Di Fiore et al. 2003). Ub, as its name suggests, is ubiquitously
expressed and regulates a number of fundamental cellular processcs, including
metabolic homeostasis, protein quality control, transcription, translation, signal
transduction, response to hypoxia, cell cycle progression, DNA repair, protein
trafficking, chromatin remodelling, viral budding and immune responses (Van
Demark and Hill 2002; Passmore and Barford 2004).

Protein ubiquitination involves a sequential action of three enzyme families,
El activating enzyme, E2 conjugating enzyme, and E3 ubiquitin ligase (i Fiore et al.
2003; Hershko and Ciechanover 1998). This enzymatic reaction starts from the
activation of ubiquitin by El in an ATP-dependent manner: the E1 adcnylates the C-
terminal glycine of Ub and then forms a thioester bond between the ubiquitin C-
terminus and a catalytic E1 cysteine residue. The thioester-linked ubiquitin is then
transferred from E1 (o a similar cysteine residue in the active site of an E2, where it
again forms a thioester bond, With the direct or indircet help of an E3, the transter of
ubiquitin is promotcd from a thioester linkage within the E2 to an amide linkage
within a substrate. Substrate specificity in the ubiquitination pathway is mostly
contributed by I3s as E3s arc able to recognize and bind to specific substrate

sequences directly (Hershko and Ciechanover 1998; Pickart 2001; Cilckman and
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Ciechanover 2002). A combination of E2 and E3 determines the synthesis of a

specific topology of the ubiquitin chain (Passmore and Barford 2004).

Bascd on the primary structure and enzymatic mechanism, E3s are
categorised into two groups: HECT (homology to E6-AP carboxyl terminus) domain
F3s and RING (really interesting new gene) domain E3s. TIECT E3 uses their HECT
domain to bind Ub-conjugated E2, and accept this ubiquitin moiety from Ub-E2
complex to form a covalent E3-Ub thioester intermediate before Ub is transferred to
the substrate (Scheffher et al. 1995). Many HECT E3s, but not EG-AP, share the
feature of having the WW domain and an amino-terminal C2 domain that function as
protcin protein interaction motif (Wang ct al. 1999; Kanelis et al. 2001). Distinct from
HECT E3s, RING E3s do not function as a catalyst, but rather work as a molecular
scaffold to bring ubiquitin-conjugated E2 and substrate in close proximity (Passmore
and Barford 2004), without forming a Ub-E3 thicester intermediate (Joazeiro und
Weissman 2000).

The large number of RING E3s are further divided into single subunit E3s
where the RING domain and the substrate recognition elements are on the same
polypeptide and multisubunit E3s where the RING finger domain is organized to form
a complex with other subunits on a member of cullin family based scaffold
(VanDemark and Hill 2002; Weissman 2001}, The single subunit E3s include the
oncoprotein Mdm?2 (Fang et al, 2000; Shenoy et al. 2001; Lin et al. 2002),
protooncoprotein ¢-Cbl (Waterman et al, 1999), the inhibitors of apoptosis (IAPs)
(Yang ct al. 2000) and Parkin (Tanaka et al. 2004). RING finger E3 complex is found
in SCF E3s, APC/cyclosome and VCB-CUL2 E3s (Weissiman 2001). 1In SCF 1i3s, the
F box protein executes the substrate protein recognition by recognizing those

substrates that have a phosphorylated serine or threonine on their sidechains.

More recently, U box domain E4 has been identificd and suggested to

mediate substralc polyubiguitin chain elongation (Namekata et al. 2002).

Strictly regulated like phosphorylation, ubiguitination Is a reversible process,
in which deubiquitinating enzymes (DUBs) serve to catalytically remove the ubiguitin

or ubiquitin chains from the modified substrates (Wilkinson 2000). DUBs fall into
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two groups: ubiquitin carboxyl-terminal hydrolases (UCHs) and ubiquitin-specific
processing enzymes {(UBPs}, both of which are thiol proteases. UCHs preferentially
work on small fusion proteins to remove the carboxyl-terminal from ubiquitin (a
subset of ubiquitin that is translated as a fusion protein), while UBPs are generally
responsible for removing ubiquitin from residual peptides or multiubiquitin chains

(Papa and Hochstrasser 1993; Lam et ul. 1997).

Numerous cellulas proteins are post-translationally modified by ubiquitin, but
the functions conferred by this vary. It is now clear that different types of ubiquitin
conjugation decide the fate of the substrates. Mono-ubiquitination, where a single
ubiquitin is added to a substrate (Schlessinger 2000), is often implicated in non-
proteolytic functions, such as endocytic trafficking, virus budding, vacuolar sorting,
DNA repair, histone activity and transcriptional regulation (Hicke 2001). In contrast,
poly-ubiquitin chains formed by Lysine 48 of two adjacent ubiquitin targets modified
substrates Tor proteasomal degradation (Weissman 2001). In addition, other modes of
lysine conjugation (eg. Lysine 63) used by poly-ubiquitin chains have been shown to

function differently (Koegl et al. 1999; Spence et al, 1995; Spence et al. 2000}.

To date, six conserved ubiquitin binding modules exist (Schnell and Hicke
2003), the structures of five of which have been determined. These include the UIM
{ubiquitin interacting motif) (Hofmann and Falquet 2001), UBA (ubiquitin-associated
domain} (Mueller et al. 2004), UEV (ubiquitin E2 variant domain} (Pornillos et al,
2002), NZF (npl4 zinc finger domain) (Mcyer et al. 2002), and CUJR (coupling of
ubiquitin conjugation to ER degradation domain) (Ponting 2000). These motifs have
been shown to be able to bind ubiquitin in vitro, and adopt interactions with Ub via
the same hydrophobic patch on the surface of the five stranded p-sheet of Ub (Muelier
ct al. 2004). The centre of the binding sitc on Ub is mapped to Ile44.

1.3.1.5.3 Sumoylation

Small ubiquitin-related modifier (SUMO) is a protein of 97 amino acids. Due
to multiple independent discoveries, it has been called by other names, like Smt3p,
Pmt2p, PIC-1, GMP-1, Ubll and sentrin (Mclchior 2000). SUMO was first found in

mammalian cells where it was found to be covalently conjugated to the GTPase
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activating protein RanGAP1 (Matuni et al. 1996), and since then, morc than 60 target
proteins have been sequentially identified to be able to conjugate to SUMO under
different conditions (Seeler and Dejean 2003). Although only one gene encodes
SUMO in yeast species and invertebrate, eight and four genes in plants and mammals,
respectively, have been identified to date. The four genes encoded in mammalian ceils
are termed SUMO-1, SUMO-2, SUMQO-3 and SUMO-4, SUMO-4 is most recently
identified and shown 10 cxpress in a tissuc-specific manner (Bohren et al. 2004).
SUMO-2 and SUMO-3 are very similar in sequence (95% scquence identity for the
human proteins), whercas SUMO-1 only shares 47% identical to SUMO2/3 (Melchior
2000; Muller et al. 2004). In addition to the sequence homology, SUMO-1 and
SUMO-2/3 are also differ in their substrate specificities (Johnson 2004), as well as the
ability to formy SUMO chains in vitre (Seeler and Dejean 2003; Bohren et al. 2004;
Tatham et al. 2001), indicating their different functions (Gill 2004).

As its name indicates, SUMO is refated to Ub to some extent (Figure 1.8). It
shares a similar protein fold that is characterized by BBapfap, a similar three-
dimensional struclurc (Bayer et al. 1998), and a similar conjugation pathway (Hilgarth
et al. 2004). The route of SUMO conjugation to target proteins, termed sumoylation,
involves four discrete steps: maturation, activation, conjugation and ligation (Hilgarth
et al. 2004). Like Ub, all SUMO isoforms are initially synthesized as inactive
precursors, which necd to be C-terminal proteolytic cleaved by SUMO-specific
carboxyl-terminal hydrolase to produce a C-terminal diglycine motif. This mnotif is
required for the formation of an isopeptide bond between the carboxyl terminus of
SUMO with an g-amino group of a lysine residue within a target protein. After
maturation, the conjugation to proteins involves the ATP-dependent dimeric SUMO
activating [1 enzyme (SAE1/SAE2 in humans) and the T'2 conjugating enzyme Ubc9,
Sumoylation is also highly dynamic and reversible (Dolunen 2004). SUMO-specific
proteases are involved in both SUMO maturation and SUMQ detachment from its

substrate proteins (Meichior et al. 2003).
Many differences exist between ubiquitin and SUMO functionality (Dohimen

2004). This is apparent in the cnzymes they use to become conjugated

to/deconjugated from, target proteins and the fates of the proteins that they modity
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(Dohmen 2004; Johnson 2004; Li and Hochstrasser 1999). Instead of targeting the
substrates for degradation, SUMQO conjugation excits cffects relating to changes in
transeriplion (Nakagawa and Yokosawa 2002; Yang and Sharrocks 2004), subeellular
localization (Lin et al. 2003; Muller et al. 2001), antagonism of ubiquitination
(Desterro et al. 1998), cell cycle, maintenance of genome integrity aud viral
replication (Hay 2005). Comparcd to Ub, SUMO has a short lexible N-terminal
extension that is absent in Ub. This extension, which varies among different SUMO
proteins, is rich in charged amino acids like glycine and proline, providing excellent
candidates for specific protein-protein interactions (Wilson and Rangasamy 2001). [n
contrast to the numbers of Ub El and E2 enzymes, single SUMO-E1 and SUMO-E2
cxist in most organisms and are required for the conjugation of all SUMO isoforms,
Most strikingly, SUMO E2 Ubc9 can directly interact with substrate proteins via their
sumoylation consensus sequence WKXE (y is a large hydrophobic residue and
preferably L., I, or V; E is an acidic amino acid, such as D or E; K is the site of SUMO
conjugation) in most cases (Sampson et al. 2001) and imparts partiality on substrate

selection.

Although not required for sumoylation in vitro (Bernier-Villamor et al. 2002),
SUMO [i3 ligases are important in regulating substrate selection in vivo, especially
for the substrates that lack SUMOQO attachment consensus sequencc. To date, three
unrelated SUMO E3 ligases have been identified: the PIAS proteins, RanBP2, and the
polycomb group protein Pc2. P1IAS family is composed of four members, PIAS1,
PIAS3, P1ASx and PTIASy (Hay 2005). Although there is still in controversy in the
identification of substrate specificities between different PTAS proteins, it is known
that p53, jun (Schmidt and Muller 2002), Lef-1 (Sachdev et al. 2001), nuclear
androgen receptor (Kotaja ¢t al. 2002), Mdm?2, Sp3, and Tcf-4 (Dohmen 2004)
undergo sumoylation via this family of E3 proteins. In addition, RanBP2 has heen
shown to exert SUMO E3 ligase activity for the promyelocytic leukaemia (PML)
nuclear body (NB) prolein, spl00 (Pichler et al. 2002), the histone deacetylase
HDAC4 (Kirsh ct al. 2002), and Mdm2 (Miyauchi et al. 2002), while Pc2 is the
SUMO E3 ligase for transcriptional corepressors CtBP1 and CtBP2 (Kagey et al.
2003). The different substrate specificities of these SUMO E3 ligases arc consistent

with their distinet subcellular localization (Johnson 2004; Hay 2005).




1.3.1.6 cAMP gated long-term PDE4 expression

In addition to the short-term regulation of PDFE4 due to post-franslational
modifications, PDE4 expression is also regulated at the transcriptional icvel. Both
PDE4B and PDE4D genes contain promoters that include several potential cAMP
regulatory elements. In vitro and in vivo data have shown that increased intracellular
¢AMP largely induces mRNA levels for both PDE4B and PDE4D, as well as their
corresponding short isoform proteins (Swinnen et al. 1989; Swinnen ct al. 1991; Le
Jeune et al. 2002). The function of this feedback regulation of PDE4D from sustained
cAMP signalling has been linked to the growth and maturation of the follicle in the
ovary because ablation of PDE4D gene causes a 75% decrease in the rate of ovulation
and consequent reduced fertility (Jin et al. 1999). In addition, the Toll-receptor-related
signalling pathway activated by LPS in macrophages or monocyte cclls can cause a
large increase in PDE4B2 mRNA and its protein (Jin and Conti 2002). This has
helped identify a function for PDE4B2 as in PDE413 gene knockout mice, the
induction of PDE4B2 by LPS is a positive feedback regulation required to remove a
negative cCAMP constraint (Jin and Conti 2002).

1.3.2 PDE4A

The human PDE4A gene is mapped to clhromosome 19p-31.1 in man
(Sullivan et al. 1998). To date, five isoforms of human PDE4A gene have been
cloned. This includes a short form, PDE4A1 (Sullivan et al. 1998), the long form
PDE4A4B (Bolger et al, 1993), PDE4AS (McPhee et al. 1995), and PDE4A10 (Rena
et al. 2001) and a catalytically inactive N- and C-terminally truncated PDE4A7
(Johnston et al. 2004). Specific PDE4A isoforms have been suggested to have distinct
roles in the brain, thus providing valid targets for therapeutic interventions (Mc’hee et
al. 2001).

The changes in the expression of PDE4A isoforms seem to correlate with the
status of the cells. PDE4A4B long isoform is found upregulated in macrophages from
smokers with chronic obstructive pulmonary disease (Barber et al. 2004}, and
PDE4A10 seems to Dbe up-regulated upon differentiation of monocytes to

macrophages (Shepherd et al, 2004).
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To date, PDE4A7 is the only PDE4 isoform that is generated from both 5°
and 3’ domain swaps, providing both a unique N-terminal and C-terminal region
(Sullivan et al. 1998), and it is this unique C-terminal region thal leads to the lack of
crucial phenylalanine, thus lack of the catalytic activity in PDE4A7 (Johnston et al.
2004).

1.3.3 PDE4B

PDE4B is a key enzyme in mediating TNF-o production. 1t has been shown
that PDE4B is involved in LPS-induced TNF-a production in macrophage (Jin et al.
2005), as well as in Abeta peptide-induced TNF-¢. production in Alzheimer’s disease
(AD) patients (Sebastiani et al. 2003). As this regulation of TNF-u production was
specific for PDE4B, consistent with the study in PDE4B null mice (Jin and Conti
2002), it suggests the non-overlapping functions between PDE4 isoforms. In addition,
a combination of pharmacological and genetic strategies provides evidence that
PDE4B and PDLE4D genes arc non-redundant and complementary in neulrophil
recruitment to the lung, even though PDE4B has greater impact than PDE4D (Ariga et
al. 2004). This further indicates that PDE4R and PDE4D control two different pools
of cAMP in neutrophils,

In addition to pro-inflanynatory outcomes, PDE4B is also involved in other
biological proccss. PDE4B3 has been reported lo change its translational and
transcriptional regulation during hippocampal long-term potentiation (LTP),
suggesting a possible molecular model where it plays an imporlant role in learning
and memoty formation (Ahmed et al. 2004). Targeting of PDE4B2 to the
immunological synapse through its N-terminus interaction with lipid rafts has been
shown to regulate TCR-mediated interleukin-2 production. Thus, dynamic re-
distribution of PDE4B2 seems to regulate the T-cell activation during immunological

synapse formation (Arp 2003).

Recently, Millar et al. reported a primary evidence for PDE4B as a genetic
susceptibility factor for Schizophrenia. They found that the disrupted in schizophrenia
1 (DISC1) interacts with the UCR2 domain of PDE4B in a compartmentalized

manner, and that only when the cellular cAMP is elevated will sequestered PDE4B
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dissoctate from DISC] and retain its activity. Any functional variation in DISCI
and/or PDE4 is therefore speculated to have a concomifant physiological and

psychiatric outcome (Millar et al. 2005).

1t is well aceepted that inhibitors with increased selectivity toward one PDE4
isoform may have advantages over non-selective PDE4 inhibitors due to the decreased
side clfect. Recently Robichaud et al. (Robichaud et al. 2002) indicated that the main
contrihution to the emetic side effects may invelve PDE4D, but not PDE41.
Thereforc, a compound that preferentially inactivates PDFE4B is much favourable,
because PDF4B inactivation should retain some of the beneficial properties of
PDE4D inactivation, such as blockade of neutrophil adhesion and chemotaxis and can
be used in a higher dose (Robichaud et al. 2002).

The expression level of PDE4B is regulated under different conditions with
different mechanisms. Nitric oxide has been shown to increase PDE4B expression in
rat pulmonary artery smooth muscle cells via a mechanism that requires ¢cGMP
synthesis (Busch et al. 20035). In diffuse large B-cell lymphoma (DL.BCL), PDE4B is
up-regulated through phosphotidylinositol 3-kinase (PI3K)/AKT pathway mediated
apoptosis that is induced by cAMP, highlighting the useful development of PDE4 and
PI3K/AKT inhibitor in treating the B-lymphoid malignancies (Smith et al. 2005).

1.3.4 PDEAC
PDEA4C is onc of the four mammalian genes that encode multiple PDE4
isoforms which are inhibited by rolipram. Unlike other PDE4 species, PDE4C is

restrictly expressed in certain tissues, indicating their distinet function roles (Sullivan

et al. 1999),

The human PDE4C gene was reported to localize on chromosome 19p, where
PDE4A gene is also present. However, the relative localion and any possible linkage

between PDE4A and PDEAC are still poorly understood (Sullivan et al. 1999).

To date, four ¢cDNAs of PDE4C have been isolated, which represent three
different PDEAC long isoforms, PDE4CI, PDE4C2, and PIIE4C3 (Engels et al. 1995;




Obernolte et al. 1997; Owens et al, 1997). Compared to the short forms of PDE4A,
PDE4B and PDE4D characterized at ¢cDNA and protein levels, no PDE4C short forms
have been reported so far. The absence of PDE4C short forms can be explained by the
analysis of the sequence where introns separating PDE4C exon 5, 6 and 7 equivalents
are unlikely contain either additional exons or alternative promoters (Sullivan et al.
1999), which is in reminiscent of the Drosophila dunce gene that docs not produce

short isoforms (Qiu 1991).

1.3.5 PDE4D

PDE4D is the predominant PDE4 form in tracheal cxiracts and airway
epithelia and plays a crucial role in balancing relaxant and contractant cues in afrway
smooth muscle (Mehats et al. 2003; Barncs et al. 2005). It has been suggested that a
PDE4D subtype inhibitor has important therapeutic implications for resolution of
asthmatic bronchoconstriction (Giembycz 2000). Indeed, it has been shown that mice
deficient in PDE4D exhibited abscnce of muscarinic cholinergic airway responses
(the tone of which has been associated with clinical asthma) and this is thought to be
due to the impaired muscarinic cholinergic receptors M2 and M3 signalling pathway
(Hansen et al. 2000). In the same micc delicient in PDE4D, delayed growth as well as
reduced viability and female fertility were also observed (Jin et al. 1999), suggesting
that the activity of this isoenzyme is also required for the regulation of growth and

fertility.

PDE4D is known to play an important rolc in regulating vascular smooth
muscle and endothelial cells that are involved in atherosclerosis (Gretarsdottir et al.
2003). Recently, a number of independent groups have reporied the association
between PDE4D variants and ischemic stroke (Gretarsdoltir et al. 2003; Meschia et al.
2005), which appear to converge on PDE4D as an ischemic stroke risk [actor gene,
However, no identified ‘at-risk’ single nucleotide polymorphisms or haplotypes has
been reported to date. [ndeed, it is not clear that any specific PDE4D variant will be
found associated with stroke in replication studies. In addition, a recent new study
records the possibility of the association of PDE4D gene with cardioembolic stroke
and despite the failure ot showing that PDE4D is a major rigsk factor for ischemic

stroke, the authors could not exclude a connection (Bevan et al. 2005).
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Although until now there have been no reports implicating any member of
the PDE4 gene family in huinan osteoporosis, an association between a variation in
PDE4D gene and hone mineral density has been indicated (Rencland ct al. 2005}, In
addilion, PDE4D has been suggested o be invoived in impaired memory in a water

maze task (Giorgi et al. 2004).

To date, nine PDE4D isoforms have identified, PDE4D1 through to PDTE4DY,
which are further categorized into short isolorms (PDE4D1), long isoforms (PDE4D3,
4, 5,7, 8 and 9), and supershort isoforms (PDE4D2 and 6) (Richter et al. 2005; Wang
et al, 2003). Compared to the high restricted tissue distribution of PDE4D4, PDE4D6
(in brain), PDE4D7 (in cortex, testis and kidney) and PDE4DS (in lung, heart and
liver), PDE4D{, PDE4D2, PDE4D3, PDE4DS and PDE4D?9 are all widely distributed
and present to some extent in most tissues in rat (Richter ot al. 2005). PDE4D1 and
PDE4D2 have been shown to be up-regulated in activated vascular smooth muscle
cells (VSMC) (Tilley and Maurice 2005). As the induction of these specific PDE4
isoforms scems to serve to desensitise the susceptibility of activated VSMC to the
inhibitory action of cAMP, inhibitors of these two specific isoforms arc desirable for
the ftreatment of adjunctive pharmacotherapy after percutaneous coronary
interventions (Tilley and Maurice 2005). PDE4D7 is a long isoform and it has been
suggested its putative promoter is associated with [celandic stroke (Gretarsdottir et al.
2003; Houslay 2005).

PDEAD enzymes are the major PDE4 isoforms found in a variety of celis,
with the PDE4D3 and PDE4DS long isoforms predominating {Conti ct al. 2003;
Houslay 2001). Conti and co-workers, together with Houslay’s lub, have shown that
PDE4D3 is phosphorylated at Ser54, PDE4ADS at Serl20, both sites located at the
beginning of UCR1 and this aclivates these isoforms (Hoffinann et al. 1998; Sette et
al. 1994; MacKenzie et al. 2002). PDE4D3 and PDEA4DS5 are also phosphorylated by
ERK2, at Ser579 and S651, respectively, and this inhibits enzyme activily (Hottimann
et al. 1999; MacKenzie et al. 2000; Baillie et al. 2001). As the various PDE4D
isoforms provide a panel of enzymes that can be differentially regulated to diffcrent
cxtents by ERK2 phosphorylation, together with their distinct subcellular distribution
properties, they offer the potential to tailor cAMP signalling in specific cell types, as

well as in discrete intracellular domains. This may explain why cells might choose to
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express particular PDE4 isoforms and adds the PDT4 enzymes to the growing list of
machinery responsibie for cAMP signalling comparimentalization (MacKenzie et al.
2000).

It has been rteported recently that during [2AR desensitisation, the
cytoplasmic adaptor B-arrestin recruits the PDE4D isoforms to the plasnmia membrane
(Perry et al. 2002) where they may regulatc the receptor coupling to G proteins
(Baillie et al. 2003). PDE4DS has been shown to preferentially bind to two sites in [3-
arrestin2 through its unique N-terminal region, as well as the common PDE4 catalytic
domain. And it has been suggested that it is this unique N-terminal region of PDE4DS5
that allows it for the binding specificity over PDE4D3, which accounts for the
observation that more PDE4DS5 compared to PDE4D3 is recruiled with B-arrestin to
the membrane fraction upon [J-agonist stimulation in HEKB2 cells. Whercas in
HEKB?2 cclls the total protein level of PDE4D3 is greater than that of PDE4DS,
chullenge of these cells with isopsenaline leads to more PDE4DS5 than PDE4D3

translocation to membrane fraction (Bolger et al, 2003),

Xiang et al. have identified the selective role of PDE4D in impacting 32AR
subtype-specific signalling in neonatal cardiomyocytes, therefore favouring the view
that PDTI4D controls a functionally and perhaps physically discrete pool of cAMP
(Xiang et al. 2005). Indeed, this might be partially due to the fact that 32AR has more
binding affinity than ;AR towards arrestin which recruits PDE4D to the plasma
membrane (Shiina et al. 2000; Xiang et al. 2005).

Recently, Robichaud and colleagues have provided evidence that PDE4D
mediates the known emetic effects of PDE4 inhibitors through a sympathetic pathway
by mimicking the pharmacological actions of yohimbine, a ag-adrenoceptor
antagonist (Robichaud et al. 2002). Although this is an unfortunate finding because
the most clinically advanced PDE4 inhibitors are selective for PDE4D, the data may

readily account for the poor tolerability of these compounds in clinical trials.
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Figure 1.1 General schematic of cAMP signalling pathway initiated by G-protein
coupled receptors (GPCRs).

An appropriate ligand binds to and activates GPCRs, which results in the dissociation
of the Gas subunit. Gas subunit can stimulate adenylyl cyclases (ACs). therefore
generating cyclic AMP (cAMP). The cAMP signalling can be mediated by PKA,
EPAC or cyclic nucleotide gated ion channels. The sole means to inactivate cAMP is
through cyclic nucleotide phosphodiesterases (PDEs) that hydrolyse cAMP into 5°-
AMP. PKA, Protein Kinase A; Epac, exchange protein activated by cAMP; CNG,

cyclic nucleotide-gated channels.
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PDE family | Regulatory domains Substrate Property Specific
speicificity inhibitors
PDE1 Ca®/CaM binding cAMP/cGMP Ca”'/CaM- Nimodipine
activated
PDF2 cGMP binding GAF | cAMP/cGMP c¢GMP-activated | EFINA
domain
PDE3 Transmembrane cAMP specific ¢GMP-inhibited | Cilostamide,
domain milrinone
PDE4 UCRI1 and UCRZ CAMP specific PKA/ERK- Rolipram, Ro 20-
phosphorylated 1724, roflu-
milast
PDES ¢GMP binding GAT | cGMP specific PKA/PKG- Zaprinast,
domain phosphorylated DMI'PO, E4021,
Sildena-fil
PDES6 c¢cGMP binding GAF | ¢GMP specific Transducin- Zaprinast,
domain activated DMPPO, [4021,
Sildcna-fil
PDE7 cAMP specific Rolipram- BRI, 50481,
insensitive 1C1242
PDES PAS damain cAMP specific Rolipram- Unknown
insensitive
IBMX-insensilive
PDEY Unknown c¢GMP specific IBMX-insensitive | Unknown
PDE1O ¢GMF binding GAF | cAMP/cGMP Unknown Unknown
domain
PDE11 ¢GMP binding GAT | cAMP/GMP Unknown Unknown

domaim

Figure 1.3 Table of phosphodiesterases superfamily (adapted

review, 2000).

All human PDE gene families identified to date are listed.
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Figure 1.4 Schematic of the PDE4 isoenzymes.

Functional PDE4 isoforms are divided into three categories: long, short, and super-
short isoforms dependent on the combined presence of upstream conserved regions
(UCRs). Long isoforms possess both UCRI and UCR2, short isoforms lack UCRI,

whereas super-short isoforms lack UCR1 and only have a truncated UCR2.
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Figure 1.5 The effects of PKA and ERK2-mediated phosphorylation on PDE4
long isoforms.

PDE4 long isoforms processes both UCR1 and UCR2. ERK2-mediated
phosphorylation of PDE4 long isoforms leads to their enzymatic inhibition, whereas

PKA-mediated phosphorylation increases their enzymatic activity.
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Figure 1.6 Compartmentalization of PDE4s.
The known sequestration of PDE4 in signalling complexes and their subcellular
localization are depicted in a hypothetical cell. The yellow barrels represent the

scaffolding proteins. (Taken from Conti et al. 2003).




Figure 1.7 Schematic of B,-adrenergic receptor (B2AR) desensitization.

Agonist occupancy of the B>AR initiates PKA and GRK mediated phosphorylation of
the receptor. PKA phosphorylation of B,AR leads to the switching of B2AR signalling
from Gs to Gi, and hence the activation of ERK. This switching is mediated by B-
arrestin delivered PDE4D isoforms. GRK mediated phosphorylation of B2AR results
in the membrane recruitment of B-arrestin/PDE4 complexes. B-arrestin serves to
sterically blocks coupling of the B,AR to Gs, whereas delivered PDE4 isoforms

actively degrade cAMP in the prime site of cAMP generation.
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Ubiquitin SUMO

Size 9kDa 11 kDa (~20 amino acids longer in
an N-terminal ¢xtension)

Swurface charge | Positive Negative

Family One ubiquitin isoform Four members: SUMO-1, SUMO-

members 2,
SUMO-3 and SUMO-4

Polymeric Both in vivo and in vitro, with | SUMO2, 3 and 4 are found to

chains different topology form chains i vitro so far

El enzymes | Single UBAI SAE1{AOS1)-SAE2 (UBA2)

heterodimer

E2 enzymes

Multiple, including UBC4 and
UBC7, which have negative or

Single UBCSY , the surface of

which is mainly postively charged,

neutral potentials functions in substrate recognition
E3 ligases - Classified into: HECT domain | Three types: RanBP2, the PIAS
! I3s and RING domain E3s. proteins, and the Pc2.
Substrate No concensus site WwKXE consensus sequenéé
specificity
Cleaving Cystein proteases Distantly related to viral cystein
CNZYIMES proteascs and shows no similarity

to ub-cleaving enzymes

Figure 1.8 Table of the differences between Ubiquitin and SUMO families.
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Chapter 2

Materials and Methods
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Throughout the following methods the names of the companies used for the
purchase of specific reagents or malerials are given in parentheses. Where no
company is mentioned, the reagent was purchased from Sigma-Alrich. All reagents

were of analytical grade.

Plasmids used in this study.

Plasmids encoding N-terminally 6his-tagged human SUMO1 (6His-SUMO-
1), N-terminally 6his-tagged SUMO2 (6His-SUMO-2) and C-tcrminally SV5 tagged
Ubc? (Ubc9-SV3) in pcDNA3.1 vectors, those encoding N-terminally haemagluttinin
tagged mouse PIASy (HA-PIASy) in pKW2T, and those encoding GST {usion protein
of Ubc9 were kindly gifted by Dr. R. Hay (University of Dundee, UK). The plasmid
encoding C-terminally VSV-tagged human PDI4D3 (PDE4D3-VSV) in pClnco was
created by Dr. R. Hoffmann (Sandoz, Switzerland). Plasmids encoding C-terminally
V8V-tagged human wild type PDE4DS and C-lerminally VSV-tagged R34A PDE4DS
mutant in pcDNA3.1, those encoding GST fusion protein of B-arrestin2 in pGEX-5X-
3 were created and gilted by Dr. G. Bolger (University of Alabama, USA). The
plasmid encoding N-terminally HA-tagged human ubiquitin (HA-Ub) in BSSK” was a
gift from Dr, D. Bohnamm. The plasmid encoding a GST fusion protein of J-arrestinl
in pGEX4T was created by Dr. R.J. Letkowitz (Duke University, USA). The plasmid
encoding GST fusion protein of ERK2 (p42) was subcloned into pGEX-2T by Dr. W,
Kolch (Beatson Institute, Glasgow). Plasmids cncoding C-terminally VSV-tagged
PDE4AS, PDE4B1, PDE4B3, PDE4B4 and PDE4CL in pcDNA3 were generated
previously by others working in the Houslay Laboratory. Plasmids encoding N-
terminally HA-tagged UbK48R, UbK63R and UbK29, 48, 63R in pcDNA3 were
generated by Dr. Martin Lynch in the Houslay Laboratory.

2.1 Mammalian Cell Culture

2.1.1 Maintenance of cell lines

2.1.1.1 HEK293 cell line

HEKX293 cell line (ATCC CRL 1573) is a human embryonic cell with an
epithelial cell morphology. Cells were maintained in Dulbecco’s Modificd Eagles
Medium (DMEM) supplemented with 2mM Glutamine, 10% foetal bovine serum
(FBS) and 1% penicillin/streptomycin (100 units/ml) in an atinosphere of 5% CO, and
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37°C. When cells were passaged at 80-90% confluency, they were split 1:5. To
passage the cells they were rinsed with pre-warmed sterile PBS and 1-2mls of pre-
warmed 0.25% tripsin/0.03% EDTA solution were added. Flasks were incubated at
37°C until cells detatched. Cells were collected by adding 10mis of culture media and
centrifugation at 72.8 x g for 3 min. The cells were then resuspended in fresh culture
media and transferred into new culture flasks at approximately 10°cells/ml final

volume.

2.1.1.2 COS-1 cell linc
The COS-1 cell line (ATCC CRL 1650) is an African green monkey derived
cell line, with a fibrablast morphology transformed with the SV40 virus. This cell line

was maintained and passaged as with the HEK293 cell line.

2.1.1.3 HEKRB2 cell line

The HEKB?2 cell line was derived from IIEK293 cell line, with stably over-
expressing FLAG and GFP- tagged [» adrenergic rcceptors and is resistant to the
G418 antibiotic, Cells were maintained in Dulbecce’s Modified Eagles Medium
(DMEM) supplemented with 2mM glutamine, 10% newbom calf serum (NCS), 1%
penicillin/streptomycin (100units/ml) and 1mg/ml G418 antibiotic in an atmosphere
of 5% CO; and 37°C. G418 here was used to select the cell generations with GFP
tagged 32 adrenergic receptors expressed. Cells were passaged at 90-100% confluency
with a split ratio of 1:4. To passage the cells, they were rinsed with pre-warmed sterile
PBS and then 2ml of pre-warmed 0.25% trypsin/0.03% EDTA solution was added to
the 75mm flasks. Flasks were incubated at 37°C until cells detached. Cells were then
collected by addilion of 8ml of culture media and subscquent centrifugation at 72.8 x
g for 3 minutes. The cells were resuspended in fresh medium and transferred into new

culture flasks at approximately 10° cells/ml final volume,

2.1.2 Transfection
2.1.2.1 PolyFect transfection of HEK293 cells (and HEKB2 cells)

Transfection of HEK293 cells was carried out using PolyFect reagent
(Qiagen). 1.2 x 10° cells per 100 mm dish were sceded in 7 ml of DMEM

supplemented with 2mM glutamine, 10% newborn calf serum (NCS) and 1%
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penicillin/streptomyein (100 units/ml) in an atmosphere of 5% CO, and 37°C. Once
the cells reached 40-80% confluency the transfection was carried out. For each
transfection, 8pg of DNA was dissolved in TE bufter (10mM Tris-HCl pH7.5, ImM
ethylenediaminotetra-acidic acid (EDTA)) with DMEM containing no serum protein
or antibiotics to a total volume of 300ul. The solution was mixed well for a few
seconds to remove drops from the top of the tube containing this DNA. 80ul of
Polylect ‘Iransfection Reagent was then added to the DNA solution, which was
followed by mixing by pipetting up and down 5 times. The DNA complex was formed
when it was incubated for 10min at room temperature {20-25°C). While complex
formation took place, the growth medium from the 100mm dish was gently aspirated
and replaced with 7 m! of fresh cell growth medium {(contlaining serum and
antibiotics). After being mixed by pipetting up and down twice, the formed DNA
transfection complexcs were transferred from the reaction tube to the cells in the
100mm dish. Then the dish was gently swirled to ensure uniform distribution of the
complexes before put into the incubalor at 37°C and 5% CO; to allow for gene

expression. The cells were harvested 48-72 hr after translection,

2.1.2.2 DEAE-Dextran transfection of COS1 cell line

The cells were split the day prior to transfection and allowed to grow lo 50-
70% confluency. 10ug of the plasmid DNA was diluted in TE buffer (ImM
ethylenediaminotetra-acidic acid (EDTA), 10mM TrisCl, pH 7.5) to a total volume of
250pl i a sterile 15m! centrifuge tube. To this lube, 200pl of sterile DEAE Dextran
{(10mg/ml in PBS) was added, mixed and incubated at room temperature for 15
minutes. Meanwhile, the culture media in the 100mm dish secded with COS1 cells
was replaced with medium and 100uM chloroquine (filter sterilized) was added. Once
the DNA complexes formed, the DNA-DEAT dextran mixture was dropped onto the
cells and mixed by swirling, The cells were then incubated at an atmosphere of 5%
CO, and 37°C for 3-4 hours. Following this incubation, the media were removed and
replaced with 5ml sterile PBS supplemented with 10% DMSO. Cells were incubated
in this 10% DMSO for 2 minutes and washed with Sml fresh sterile PBS twice, Then
7ml of fresh culture media was added to the cells that were then incubated for 48hours

at 37°C in an atmosphere of 5% COQO;. The cells were then harvested. Mock




transfections were performed by ireating the cells exactly as described above cxeept

adding thec DNA into the mixture.

2.2 Biochemical techniques

2.2.1 Protein analysis
2.2.1.1 Whole Cell lysate

Cell culture dishes were maintained on icc and all buffers used were 1ce-cold
o minimize protein degradation and denaturing of enzymes. The cell growth media
was aspirated and the cells washed with PBS. The PBS was drained and approx
100u1/100 mm dish 3T3 lysis buffer (20mM N-2-hydroxyethylpiperazine-N’-2-
cthanesulfonic acid (HEPES), pH7.4, 50 mM NaCl, 50mM Nak, 10% glycerel, 1%
Triton X-100, 10mM ethyleneglycol-bis(P-aminoethylether)-N,N,N’ N’-tetra-acetic
acid (EGTA), 30mM sodium pyrophosphate and Roche proteases inhibitor cocktail)
was added. The cclls were seraped, transferred to a 1.5 ml eppendorf tube and snap-
frozen. The cell samples were then thawed at 4°C and subjected to mechanical
disruption using a micropestle (Eppendorf). The cell debris was removed by
centrifugation at 18,000 x g for 3 min, The cell lysates were stored al -20°C until

required for use.

2.2.1.2. Protein quantification (Bradford assay)

All protein assays were carried on 96 well titre plates, with triplet samples
loaded as indicated below. Different amount of 100pg/l BSA was diluted in distilled
water to a total volume of 30ul, which was used for making the standard
concenfration curve. 10ul of cach cell extract was diluted in 490ul distilled water,
mixed well, and 50ul of the mixture was loaded into the Elisa 96-well plate in
triplicate. Once all the standards and samples were loaded, 200pl of 20% Bie-Rad
protein ussay reagent (5ml in 20ml distilled watcr) was added to each well. The 96-
well plate was then analysed using the Revelation Program and an MRX microtitre
plate reader (absorbance read at 590 nmn). Prolcin concentrations were obtained by
plotting the standard carve and using least regression analysis to obtain the line of best
fit. The equation of the line of calculated best fit was used to determine the protein

concentration of samples in pg/pl.
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1 2 3 4 5 6 7 3 9 10 11 12

A Ol ol Oul 50ul SOPIMW—MS"O_LI{“ Sample | Sample | Sample | Sample | Samplc | Sampie
BSA RSA BSA | swmplet | suuplel | sampll | 9 9 v 17 17 17

3 5l . Spl Spt 50l S0pl 508 Sumple | Sample | Sample | Sample | Sampic | Sample
BSA BSA | BSA | sample2 | sample2 | samplel | 10 10 10 18 1§ i8

Ciopt 10 1pul | 30l 50p1 SOu! Samplc | Sample | Samplc | Sample | Sample | Sample
BSA BSA BSA | sampled | sampled § sample3 | L 11 11 19 19 19

D [ 5pl S plw 15ul | S0pl 50pt 50p! Sample | Sample | Sample | Sample | Sample | Sampic
BSA | BSA : BSA | sampled | sampled | sampled | 12 12 12 20 20 20

E 20ul 20ul 20ul | 50ul 50ul 50ul Sample | Sample | Sample | Sample | Sample | Sample
RSA BSA BSA | sampleS | sampleS | sample5 | 13 13 13 21 21 21

F30u 30p1 0ul | 50p] 50ul 50ul Sampke | Sample | Sample | Sumple | Sample | Sampie
BSA BSA BSA | sumpled | samples | samplcs | 14 14 14 22 22 22

"G40 wl | a0p 40ul | 50l s0ul S0ul Sampte | Sample | Sample | Sample | Sample | Sample
BSA BSA BSA | samplc7 | sample7 | sample7 | 15 (5 th] 23 23 23

[ 50pi Saut S0t S_(fpl ' SOpl Sopt Sampla | Sample | Sample | Sample | Sample | Sample
BSA DSA BSA | sample§ | sampled | sampleg | 16 16 i6 24 24 24

2.2.2 Gel electrophoresis and Western blotting
2.2.2.1 Sample preparation
2.2.2.1.1 Cell lysis samples

Cell lysates were obtained by using lysis buffer or needle/syringe passaging,
followed by centrifugation at 18,000 x g for 3 min. The supernatants were assayed for
protein concentration as described above. Then equal amounts of protein were taken
and diluted 1/5 with 5x Lacmmli sample buffer (260mM TrisCl, pH 6.7, 55.5%
glycerol, 8.8% SDS, 0.007% bromophenol blue, 11.1% 2-mercaptoethanol), which

was boiled for 3-5 minutes to cause proleins to denature.

2.2.2.1.2 Membrane Recruitment samples

Once the cells were treated as indicated in experimental text, medivm was
taken off and the plates to which the cells adhered were put on ice. The cells were
washed with ice cold KHEM (50mM Hepes KOH, pH7.4, 50mM KCl, 10mM EGTA,
1.92mM MgCly) twice and the excess wash fluid wus removed by tapping. To a
100mm dish, 300ul of complete KHEM (50mM Hepes KOH, pI17.4, 50mM KCl,
10mM EGTA, 1.92mM MgCly, 1mM DTT, Roche proteasc inhibitor) was added.
Cells were scraped with complete KHEM into new Eppendorf microcentrifuge tubes
and kept on ice. Then cells were broken by passaging 10 times using 26G gauge

needles, The resulting lysate was centrifuged at 366 x g for 3 minutes to isolate the Pi
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fraction (enriched in nuclear and cytoskeletal components). ‘The supernatants were
then removed to uliracentrifuge tubes and further centrifuged at 245,000 x g for 30
minutes to make the P2 fraction (cnriched in plasma membrane, vesicles formed from
the Golgi apparatus and the endoplasmic reticulum, lysosomes and cndosomes). The
supernatants were kept as S fraction (enriched in cytosolic proteins), and the pellets
were carefully washed in 750pu) completc KHEM, followed by further centrifugation
at 245,000 x g for 30 minutes. The pellets were resuspended in 200ul complete
KHEM as P2 fractions. Protein concentrations were then determined by above
description, and equal amount of proteins were loaded with samplc buffer to the Nu-
PAGE gel.

2.2.2.2 Nu-Page™ gel system

Pre-cast 4-12%, 10-well, 12-well or 15-well Bis-Tris 1.0mm gels (Invitrogen)
were used for all the western hlotting. The gels were assembled in Xcell SureLock™
tanks (Invitrogen} according to the manufacturer’s instruction. Depending on the
molecular weight of protein interest, either NuPage™ MOPS S$DS running buffer or
NuPage™ MES SDS running bufter (Invitrogen) was uscd to fill the tank. 2l of Bio-
Rad prestained broad range precision protein marker was loaded in the front lane as a
standard to determine protein migration weight, and an appropriate volume of pre-
boiled samples, according to the capacity of the gel type, was loaded into each
following well. The gels were run at 160V constant (opcrated by POWER-PAC 300
(Bio-Rad) for around 1t hour.

2.2.2.3 Protein Transfer

The SDS gel was disassembled {rom the gel cassette and placed onto a picee
of Whatmann 3MM paper pre-soaked in 1x NuPage Transfer Buffer (Invitrogen). A
piece of nitrocellulose paper (Schleicher& Schueil), pre-scaked with the 1x NuPage
Transfer Buffer, was overlaid on the SDS gel, while ensuring the absence of bubbles
between the layers, The nitrocellulose was, in turn, covered by another pre-soaked
Whatmann 3MM paper to result in 4 sandwich that was later placed in Xcell II™ Blot
Module between two pieces of foam soaked in 1x Transfer Buffer. The module was

placed with the nitrocellulose to the positive electrode in the Xcel! SureLock™™ tank,
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filled with 1x NuPage Transfer Buffer. The proteins were transterred with an applied

voltage of 25V for 1 hour or 10V overnight.

2.2.2.4 Tmmunoblotting

Once transferred onto the nitrocellulose, Ponceau S stain (0.1% Ponceau S,
3% Trichloroacetic Acid) was used to visualise the proteins, The Ponceau S was
added to the nitrocellulose for a few minutes until the proteins became stained, then
the nitrocellulose membrane was washed with distilled water. 5% skimmed milk
powder was dissolved in TBS-tween20 (137mM NaCl, 20mM TrisCl, pH 7.6, 0.1%
Tween2(), and the unoccupied protein binding sites on the nitrocellulose membrane
were blocked in 5% skimmed milk powder for 1 hour at room temperature with
agitation. After 1 hour blocking, the appropriate primary antibody was added to the
membrane with a dilution 1:1000 (for polyclonal antibody) or 1:5000 (for monocional
antibody) in 1% skimmed milk powder in TBS-T'ween20. This incubation was carried
out for 2 hours with vigorous shaking. Then the nitrocellulose membrane was washed
three times in TBS-Tween20, each time for 10 minutes. A secondary antibody was
diluted 1:5000 in TBS-Tween20, added to the membrane and incubated with the
membrane for 1 hour with vigorous shaking. The secondary antibody was an anti-
immunoglobulin (IgG) antibody conjugated to horse-radish peroxidase (IIRP) and
directed against the primary antibody. After 1-hour secondary antibody incubation,
the nitrocellulose membrane was washed in TBS-tween20 three times, each time 10
minutes. Then the membrane was incubated with ECL reagents (Amersham) for 1
minute, according to the manufacturers instruction, followed by subjection to a piece
of x-ray film (Kodak} in a dark room, which was then developed using a Kodak X-

moat machine.

2.2.3 Immunoprecipitation

Depending on which source is the antibody generated, either Protein G
Sepharose (Amershum Biosciences) or Protein A Agarese (Invitrogen) was uscd to
immunoprecipitate the target protein. Among all the animal sources, Profein A
Agarose can only be used when the antibody against the target protein is generated
from mouse, human, rabbit, guinea pig; while Protein G sepharose can be used for any

type of animal-generated antibody. For optimal precipitation, protein G sepharose was
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preferred to immunoprecipitate a monoclonal antibody or a polyclonal antibody raised
in a sheep, whilc Proiein A Agarose was chosen to imumunoprecipitate any other

polyclonal antibodies.

2.2.3.1 Sepharose pre-wash

50ul of the appropriate beads were washed in 700p] of a decent buffer that
was used for harvesting the cells, and recovered by centrifugation at 18,000 x g for 1
minute at 4°C (Heraeus refrigerated bench-top centrifuge). ‘This was carried out three
times. After the final wash, the supernatant was thrown away, and the same volume of

the decent buffer as the spun beads was added to resuspend the beads.

2.2.3.2 Pre-clearing

For 400u1 of cell extracts (approx 400 ug), 25 ul of 50% (v/v) pre-washed
beads was added and this mixture was incubated with end-over-end rotation at 4°C for
30 minutes. The sample was then centrifuged at 18,000 x g for 1 minuie at 4°C to

recover the beads.

2.2.3.3 Pre-immune

If a pre-immunc antibody was available, it was incubated with the cell ysate
with end-over-end rotation at 4°C for 30 minutes. 25ul of pre-washed beads were then
added to the lysate and aguin incubated with end-over-end rotation at 4°C for 30

minutes. The beads were recovered by centrifugation.

2.2.3.4 Binding of antibody and target protein complex to beads

After pre-clearing/incubation with pre-immune antibody, the beads were
collected by centrifugation at 18,000 x g at 4°C for 1 minute, and the supematant was
removed to a fresh 1.5ml-Eppendorf tube as the pre-cleared cell extract. To this fresh
tube, 1-5ul of the antibody (depending on the quality of the antibody provided, but
usually ~ 2ug) against the target protein that was in the cleared cell extract was added,
and this tube was rotated end-over-end at 4°C for 1 hour, to enable the binding of the
protein to the antibody. Then, 25ul of pre-washed profein beads were added to the
sample and rotated end-over-end for at least 2 hours at 4°C, The beads were isolated

from sofution by centrifugation at 18,000 x g at 4°C for 1 minute and washed with
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750 of cell harvesting buflcr. The resuspended beads in the wash buifer were
recovered by the same speed cenirifugation, and the supernatant was thrown away.
This wash was performed twice to minimisc any non-specifically bound protein to the
beads. The third time wash of the beads was carried out in 20mM TrisCl, pH 7.4, if
the protcin was to be used for a PDE assay. For later western blotting, the beads were
diluted 1/5 with 5x Laenumli Sample Buffer. The sample was boiled for 3 minutes to
release the target protein [rom the beads. For optimal release, the Eppendort tube
containing the sample was inverted several times during the boiling. The beads were
then recavercd again by a 18,000 x g speed centrifugation at room temperature, and
an appropriate amount of supernatant was subjected to the Nu-Page™ gel for
immunobletting. The following procedures were performed as above described for

western blotting.

2.2.4 Kinase Assays
2.2.4.1 PKA assay
2.2.4.1.1 Cell lysate extraction for PKA assay

Mammalian cclls were grown and treated as required, after which time the
cell media was removed, the cells were washed with PBS once, followed by another
wash by extraction buffer (SmM EDTA, 50mM Tris, pH7.5). The extraction buffer
was poured off, and the cells were drained by pipetting out the left-over cxiraction
buffer in the plaies where the cells were growing. This gives a high concentration of
cells in which the PK A is also concentrated. The monolayer of cells were snap-frozen
and thawed in the ice, which was followed by homogenisation achieved by drawing
the cell suspension through a 26 gauge necdle around 10 times. The cell debris was
then removed by centrifugation for 2 mins at 18,000 x g at 4°C (TTeraeus refrigerated
bench-top centrifuge) and the supernatant was transferred into new 1.5ml Uppendorf

tubes to be used for a PKA assay.

2.2.4.1.2 PKA assay tube pre-incubation
For cach cell lysate, the following was set up on ice in 1,5ml Eppendorf
tubes. The cell extracts were added last, and then mixed well by vortexing. The cells

were incubated on ice for 20 mins te allow the inhibitor to bind PKA. N.B. due to the
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time restrictions, during the assay, a maximum of 9 different lysates can be analysed

at any one time:

Tube Cell Extract Diluent 4% PKA | 4x PKA
inthibitor Activator

A opl 200l oul opl

B 10 10pl 10ul oul

C 10ul [ 1oul Ol 1oul

D 10p Opl 100l 10pl

4x PKA Inhibitor-4uM PKI(6-22) amide, 50mM Tris, pH 7.5.
4x PKA Activator-4pM cAMP, 50mM Tris, pH 7.5.

2.2.4.1.3 PKA assay reaction

To 1 ml of the 4x PKA substrate (200uM Kemptide, 400uM ATP, 40mM
MgCly, 1mg/ml BSA, 50mM Tris, pH 7.5) 6000pCi/mmol of fy-"*P]JATP (Amersham
Biosciences) was added whilst maintained on ice. To the first assay tube (14), 10ul of
radioactive 4x PKA substrate solution was added; the contents were mixed gently
before being placed in a rack within a water bath at 30°C for 10mins, 15 seconds afler
substrate addition to the first tube, 10l of the radioactive substrate was added to the
next tube (1B), which was then mixed and incubated, This method ot addition of
substrate to tubes every 15 seconds continued until all the tubes with substrate were
incubated at 30°C. After the 10min incubation of the first tube, 15ul of the reaction
mix was removed from the water bath and spotted onto a pre-marked piece of ion
exchange phosphocellulose paper P81 (Whatman). This was carried out for cach tube
after they had each undergone the 10 min incubation with the substrate. The
phosphocellulose pieces were then placed into a larger beaker containing 1% (v/v)
phosphoric acid (H;PO4) and washed for 3 min with slight agitation. The waste acid
was removed and the acid wash repeated. The phosphocellulose was then washed
twice in dH,O before being placed in 1.5ml Eppendorf tubes, to which 1ml
scintillation fluid was added. The *’P incorporated into the pepiidc bound to the

phosphocellulose was counted on the Wallac 1409 liquid scintillation counter, To two
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separate vials 10ul of the radioactive 4x PKA substrate was added to scintillation

fluid, to enable the determination of the total counts from the substrate solution.

2.2.4.2 Phosphodiesterase activity assay

A cAMP hydrolysis assay was used to measure phosphodiesterase activity,
which was modified based on the two step procedure of Thompson and Appleman
(Thompson and Appleman 1971) and Rutten et al, as described previously by
Marchmont and Houslay (Marchmont and Houslay, 1980). The principles af this two-
step assay are illustrated in Figure 2.2, In the first step, the samples to be assayed were
incubated with 1 uM 8-[’H]-labelled cAMP substrate. Tn the second step, the ["HJ-
labelled product of cAMP hydrolysis, 5’ AMP, was dephosphorylated to adenosine by
incubation with 0.2 mg/ml snake venom that has 5’-nucleotidase activity. The
conditions were such that complete conversion took place within the snake venom
incubation time. The negatively charged unhydrolysed ¢cAMP was then separated
from the uncharged adenosine by incubation with Dowex ion cxchange resin. The
amount of unbound ["H}-adenosine in the supernatant was determined by scintillation

counting in order to calculate the rale of cAMP hydrolysis.

2.2.4.2.1 Activation of Dowex

To activate, 400g of the Dowex 1 X8-400 resin was suspended in 4 litre of
NaOII and incubated at room temperature for 15 minutes with gentle nixing. The
resin was allowed to settle by gravity, after which the 1M NaOLl was removed. The
resin was then extensively washed with 4 litre of dislilled watcr (30 washes). After the
last wash, the resin was resuspended in 4 litre of 1M HCI and incubated at room
temperature for 15 minutes with gentle mixing belore being allowed to settle by
gravity. The 1M HCI was removed and the activated resin was resuspended 1:1 in

distilled water and stored at 4°C until required.

2.2.4,2.2 Assay preparation

Samples of cell lysate (0.1-50 ug depending on activity) were placed into 1.5
ml Eppendorf tubes and made up to a volume of 25 pl with 20 mM Tris-HC}, pH 7.4.
Each samplc was assayed in triplicate. All tubes werc sct up on ice, and remained on

ice until all components for the assay had been added. To cvery tube, 50 ul of 2 uM
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CAMP containing 3 pCi ["H]-cAMP in 20 mM Tris/HCL/10mM MgCly pH 7.4 was
added, the tubes were vortexed and incubated at 30 °C for 10 min. After this time, the
tubes were boiled for 2 min to terminate the reaction and cooled on ice. 25 ng snake
venom (cither Ophiophagus Hannah or Crotalus atrox venom) in 25 pl 20 mM
Tris/HCl, pH 7.4 was added to each tube, mixed by vortexing and incubated at 30 °C
for 10 min, The tubes were cooled on ice and 400 pl Dowex/ethanol/distilled water, in
a 1:1:1 ratio was added and mixed. The tubes were then further incubated on ice for at
least 20 min. The tubes were vortexed and the Dewcex separated from supernatant by
centrifugation at 18,000 x g for 2 min (Heracus bench top centrifuge). Finally, 150 pl
of the clear supernatant was added to 1 mi Opti-scint scinllation fluid (Fisons
Chemicals Ltd) and the [°H]-adenosine in these samples was counted for 1 min in a
Wallac 1409 liquid scintillation counter. The cpms for each samplc were corrected for
a background using a blank reaction (containing no PDE). The corrected counts were
used to determine the initial rate of reaction (pmol ¢AMP hydrolyscd/min).
Determination of the protein content of the samples allowed the results fo be

expressed in units of pmol cAMP/min/ing protein.

2.2.4.2.3 Determination of PDE4 activity

The PDE4 family is specifically inhibited by the compound rolipram.
Rolipram was dissolved in DMSO as 10 mM stock and this inhibitor was diluted in
PDE assay dilution buffer (20 mM Tris/HCI/10 mM MgCl; pH 7.4) for use in assay.
DMSO itself does not affect PDE activity at the concentration used. Measurement of
PDE4 activity with and without rolipram (10 pM) present gave the contribution of
PDE4 in total PDEs.

2.2.5. Expression and Purification of GST Iusion Proteins
2.2.5.1 Induction and Purification of GST Fusion Proteins

A sample of the plasmid DNA of infcrest from glycerol stock was put into a
50m! falcon tube that contained 30m! of L-Broth (170mM NaCl, 0.5% (w/v) Bacto
Yeast Extract, 1% (w/v) Bacto-Tryptone pH 7.5) and 100pg/ml ampicillin and
cultured at 37°C overnight. The next day the overnight culture was inoculated into
450m] of L-broth containing 100ug/ml ampicillin and left for growing to ODsgo
between 0.6 and 1.0 at 37°C. The protein that the interest plasmid DNA encodes were




then induced by the addition of I[PTG to a final concentration of 0.2mM, shaken in the
incubator for a further 2-5 hours at 25°C-30°C at 200 rpm. 1ml of the samples at 2.5hr
intervals were taken to pellet at 18,000 x g and analysed by SDS-PAGE to monitor
the induction. The cells after Shr IPTG addition were pelleted at 2,400 x g at 4°C for
10min and frozen at -80°C overnight (In this step, the cells can be kept in -80°C for at
jeast one month). The next day the frozen cells were thawed on ice, resuspended with
10m! of ice cold resuspension buffer {(50mM TrisCl pHS8.0, 10mM sedium chloride,
ImM EDTA, 10mM B-mercaptoethanol, 1x Roche protease inhibitor tablet) and
transferred to ‘oak ridge’ centrifuge tubes. 1/10 volume of 10mg/ml Lysozyme was
then added to the resuspended cells, and the mixture was incubated on ice for 15min.
The cells were sonicated at power level 4 on ice (4x 30secs with 30sec rest). 1/500
volume of 10% Triton X-100 was added to cach oak ridge tube, mixed and
centrifuged at 12,000 x g at 4°C for 15 minutes. The supernatant was transferred to
10/15ml centrifuge tube and 1 ml of glutathione beads pre-equilibrated in wash buffer
(50mM TrisCt pH8.0, 10mM sodium chloride, 1mM EDTA, 10mM -
mercaptoethanol, 1x protease inhibitor tablct, 0.05% NP-40). The mixture wus
incubated at 4°C, end over end, for 1 hour, followed by centrifugation at 366 x g at
4°C for 2 min. The supernatan{ was carefully removed and the beads were washed in
5 m} wash buffer. The beads were centrifuged at 366 x g at 4°C for 2 min, and the
supernatant was removed. 1 ml wash buffer was then used 1o transfer the beads (o a 2-
ml Eppendorf, and the beads were given a further 3x wash in 1 ml wash buffer. It is
very important to keep the sample on ice as much as possible, The GST tagged fusion
proteins were eluted from Glutathione Scpharosc 4B (Amersham Bioscicnces) with
10mM glutathione in SOmM TrisCl pH 8.0. The beads were resuspended in 600ul of
clution buffer (10mM glutathione, 50mM TrisCl, pH 8.0), incubated at 4°C end over
end for 20 min, and centrifuged at 18,000 x g in micro-centrifuge tubes for 10
seconds. The supernatant was caretully removed to a [resh eppdorf tube. This elution
step was kept repeating another 2-3 more times, and the elutes were pooled into a new
2-ml Eppendorf tube. Again, during this procedure, the samples were kept icecold. In
order to get rid of the free glutathione in the elutes, the pooled elutes in Slide-A-
Lyzer® Dialysis Cassette (0.5-3.0ml capacity) (PIERCE) were dialyscd in 650ml of
chilled dialysis buffer (50mM TrisCt pH8.0, 100mM NaCl, 5% glycerol), with three
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buffer changes. The dialysed fusion protein was collected and subject to protein

concenlration assay.

2.2.5.2 SDS PAGE

Samples of each stage from induction to purification were diluted 1/5 with 5x
Laemmli sample buffer (260mM TrisCl, pH 6.7, 55.5% Clyeerol, 8.8% SDS, 0.007%
Bromophenol Blue, 11.1% 2-mercapiopethanol), and boiled for 3 minutes to denature.
30pl of each sample was loaded into each well of the 4-12% Bis-Tris NuPage gel. The

gel was run at a constant voltage until the dye front reached the bottom of the gel.

2.2,5.3 Staining of SDS Polyacrylamide Gels with Coomassie Brilliant Blue
Following separation by gel electrophoresis, the gel was incubated in at least

5 volumes of Coomassic Blue (1.25mg/ml Blue R250, 44.4% methanol, 5.6% ucetic

acid, 50% distilled water) with gentle shaking al room iemperature for at least 4

hours. The limit of detection for protein on Coomassie stained gel is 0.3-1.0pg.

2.2.5.4 Visualisation of Proteins

Protcin bands were visualised by incubation of the stained gel with Destain
Buffer (44.4% methanol, 5.6% acetic acid, 50% distilled water} overnight at room
temperature with gentle shaking. After destaining, the gel was rchydrated by

incubating in 1% glycerol for 30 minutes at room temperature with gentle shaking.

2,2.5.5 Drying SDS Polyacrylamide Gels

Gels were dried on a Bio-Rad gel drier. The gel was placed on a wetted piece
of filter paper, on wp of which covered a cling film. The filter paper was facing the
drying surface of the drier, and the cover sheet of the drier was then laid over the cling
film. A vacuum was applied so the cover sheet made a tight seal over the gel. ‘the lid

of the drier was then closed and the gel was dried at 63°C for 2 hours.

2.2.6 Peptide Array Analysis

Peptide librarics were produced by automatic SPOT synthesis (Kramer and
Schneider-Mergener 1998). Peptide libraries were synthesized on continuous cellulose

membrane supports on Whatman 50 ccllulose membranes according to standard
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protocols by using Fmoc-chemistry with the AutoSpot-Robot ASS 222 (Intavis

Bioanalytical Instruments AG, Koln, Germany).

Fresh peptide array membranes were immersed in pure cthanol for activation
and then washed with 1x TBST (137mM NaCl, 20mM TrisCl, pH 7.6, 0.1% tween20)
for 5 min, 3 times to get rid of the ethanol. The non-specific protein binding sites on
the membrane were blocked with 5% skimmed milk powder in 1x TBST for 2 hrs at
room temperature with agitation. The interaction of spotted peptides with either GST
or the indicated GST fusion proteins was tested by overlaying the cellulose membrane
with 10 pug/ml of recombinant protein overnight at 4 °C with vigorous shaking. The
next day, the membrane was washed with 1x TBST for 5 min, 3 times, followed by
incubation with rabbit antisera for the indicated protein specics at room temperature
for 2 hirs with vigorous shaking, Then the membrane was again washed with 1x TBST
for S min, 3 times and subject to secondary anti-rabbit horseradish peroxidase coupled
antibody incubation at room temperature for 1 hr with vigorous shuking, after which
the membrane was washed three times in TBST, The membrane was then incubated
with ECL reagents (Amersham Biosciences), according to the manufacturers’
instructions. The membrane was exposed to X-ray film (Kodak) in a darkroom and

then developed using a Kodak X-omat.

2.2.7 In vitro Ubiquitination Assay

A Ubiquitination Kit (Biomol) was used in this procedure,

2.2,7.1 Ubiquitination Assay Pre-incubation
Assay components were added to a 15ml falcon tube in order shown below.

All enzymes were kept on ice throughout the assay,

Components ” Volume / pl
dH,0 700
10x Ubiquitination Buffer 250
IPP (100U/ml) 500
DTT (50mM) 50
| Mg-ATP (0.IM) -]z
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20x E1 (2pum) 125
10x UbcsIh (0.5mg/ml) 250
20% GST-Mdm2 (2uM) 125
20x Bt-Ub (50pM) 125

2.2.7.2 Tm vitro Ubkiguitination reaction

The contents in the [alcon tube was mixed gently and then incubated with a
PDE4DS peptide array membrane at 37°C for 60 minutes. Reaction was stopped by
washing the membrane with 1x TBST. Detection of the ubiquitin moieties on the
peptide array was carried out as described above in Peptide Array Analysis, with the

antibody that is specifically against the Ub.

2.3 Molecular Biology Techniques

All molecular biology techniques were carried out with sterilised equipment

and buffers, to prevent contamination.

2.3.1 Large-scale preduction of plasmid DNA

Wizard Plus® Maxipreps (Promega) were used in this procedure.

2.3.1.1 Production of a cleared lysate

A pinch of plasmid DNA from glycerol stock was sub-cultured in § ml L-
broth {170mM NaCl, (.5% (w/v) Bacto Yeast Extract, 1% (w/v) Bacto-Tryptone
plL7.5) confaining 100pg/ml ampicillin, shaken at 200 rpm 37°C for 4 hours. Then the
subculture was inoculated into 500m! L-broth containing the same concentration of
antibiotics for ovemight culture. The next day, the cells were harvested by
centrifuging at 3754 x g using the JA-14 rotor in the Beckman refrigerated centrifuge
for 10 minutes at room temperature. The supernatant was thrown away and the pellet
was finely resuspended in 15ml Cell Resuspension Solution, 15ml Cell Lysis Solution
was added to the cells that were then mixed by gently and thoroughly inverting. Ounce
the solution became clear and viscous, 15ml Neutralization Solution was added to the
cells and the centrifuge bottle which contained the mixed solution was immedialely
and gently mixed by gently inverting several times, The undesired cell debris was

isolated by centrifugation at 5,000 x g for 10 minutes in room temperature. 30ml of
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cleared supernatant was transferred by filtering through a Muslin cloth into a clean
50ml centrifuge tube. 18ml of room temperature isopropanol was added into this tube,
and mixed by inversion, The mixture was then subject to centrifugation at 14,000 x g
for at least 2 hours in room temperature. The supernatant was discarded and the DNA

pellet was resuspended in 2 ml of distilled water.

2.3.1.2 Plasmid DNA purification

10ml of Wizard® Maxipreps DNA purification Resin that was incubated in a
37°C water bath beforehand was added to the resuspended DNA solution and swirled
to mix. The resi/DNA mix was then transferred into the Maxicolumn that was
connected with a vacuum manifold port. A vacuum of at least 15 inches of Hg was
applied to pull the resi/DNA mix into the Maxicolumn. 25ml of Column Wash
Solution was added to the Maxicolumn and a vacuum was applied to draw the
solution through the Maxicolumn. To rinse the resin, Sml of 80% ethanol was added
to the Maxicolumn and a vacuum was applied to draw the ethanol through the
Maxicolumn. To allow all the ethanol removed, additional 1 minutc was taken to
vacuum the column. The undesired fraction was centrifuged at 1,300 x g with a
swinging bucket rotor (Thermo Life Sciences) for 5 minutes and discarded. The resin
was then dried by applying to a vacuum for 5 minutes. The Maxicolumn was placed
in a clean 50ml centrifuge tube and added 1.5ml of preheated (65-70°C) nuclease-free
water. To clute the DNA, the Maxicolumn/50m! centrifuge tube were let stand for 1
minute, followed by centritugation at 1,300 x g for 5 minutes in a centrifuge with a
swinging bucket rotor. The eluted DNA was then subject to DNA concentration

determination and kept frozen in at least -20 °C.

2.3.2 Small-scale production of plasmid DNA

QIAprep Spin Miniprep Kit was used in this performance. A pinch of
plasmid DNA from glycerol stock was cultured in 5 ml of L-broth medium containing
desired antibiotics with shaking at 200 rpm 37°C overnight. The next day, the cells
were pelleted by a microcentrifuge at full speed for 10 minutes (18,000 x g). The
pelleted bacterial cells were then resuspended in 250ul Buffer P1 and transferred to a
1.5ml microcentrifuge tube. 2501 Buffer P2 was added into this tube, and the lube

was gently inverted 4-6 times to mix. Then 350ul Buffer N3 was added, followed by
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another immediate gentle inversion 4-6 times, A compact white pellet formed after the
tube was centrifuged at 18,000 x g for 10 minutes in a tabletop microcentrituge. The
supcrnatant was applied to the QIAprep Spin Column that was then subject to
centrifuge at full speed for 1 minute. The flow-through was discarded. In order to
remove tracc nuclease activity, 500ul Buffer PB was added to the QlAprep Spin
Column and centrifuged at full speed for 1 minute. Again, the flow-through was
discarded. Then the QIAprep Spin Column was washed by addition of 750ul Buffer
PE and centrifuged at full speed for 1 minute. After the flow-through was discarded,
additional 1 minute was taken for spinning down the residual wash buffer at full
specd. The QIAprep column was then placed in a clean 1.5ml microcentrifuge tube.
To elute DNA from the column, 50ul Buffer EB (10mM TrisCl, ptl 8.5} was added to
the center of each QlAprep Spin Column, let stand for 1 minute, and centrifuged for 1
minute at full speed (18,000 x g) to get the purified DNA that was collected in the

microcentrifuge tube.

2.3.3 Quantification of purificd DNA
The DNA concentrations were measured using a WPA light wave
spectrophotometer blanked with distilled water. 5ul of DNA was diluted in 1 ml
distilicd water and the absorbance measurements were taken at 260nm and 280nm,
The concentration of the DNA was then calculatcd using the following

approximations:

An absorbance of 1 at 260nm correspond to 50pg/ml double stranded DNA
37pg/ml single stranded DNA

Easily, the concentrations of the plasmid DNA stored from the lab would be
equal to 10 times the number of the absorbance at 260nm.

The ratio betwcen the absorbance measurements at 260nm and 280nm
provided an indication of the purity of the DNA. In solution, DNA should havc an
Ango:Aago ratio around 1.8. If the absorbance ratio is significantly less than 1.8, it

indicates that the DNA may be impure.

2.3.4 Site-Directed Mutagenesis
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2.3.4.1 Primer designs

For optimal 5’-primer design, the desired nucleotide bases that encode the
new amino acid were chosen as identical to those that encode the parent amino acid as
possible. The length of the (lunking nucleotide sequence was varied dependent on the
estimated melting temperature, Generally, between 45 and 50 nucleotides in length
containing the desired mutation and flanked by unmodified nucleotide sequence with
the estimated melting temperature around 75 °C was considered good. G or C was

always chosen for the first and the last nucleotide in the primer.

The following formula is commonly used for estimating the melting
temperature ™ of the primers:

Tm (°C) = 2 (Na+N7) + 4 (Ng+Ne)
Where N equals the number of primer adenine (A), thymidine (T), guanidine (G), or

cytosine (C) bases.

The 5°- and 3’-primers designed for PDE4DS UIM mutant (PDEA4DS 723E) and that
for PDE4D5 SUMO K mutant (PDE4D5K323R) were shown as follows:

5 ’-prﬂﬁcr 3’-primer
7238 | CTTGATGAACAGGTTGCAGCG | TTCTTCCCCTACTGCCGCCGCTGT
GCGGCAGTAGGGGAAGAA AACCTGTTCATCAAG

K323R | CCCAAGGTTTCGAGTTCGAACT | GGACATCTTCTTGTTCAGTICGAAC

GAACAAGAAGATGTCC TCCAAACCTTGGG

The mutated nucleotides were underlined.

2.3.4.2 Mutant Strand Synthesis Reaction (Thermal Cycling)

Site directed mutagenesis was performed using the QuickChange Site-
Directed Mutagenesis Kit from Stratagenc, For cach mutant, two complimentary
oligonuleotides containing the desired mutation and flanked by unmodified mucleotide

sequence were synthesized and purified by high-pressure liquid chromatography
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(HPLC). The sample reactions were then prepared in Thermo-tubes (Abgene) as

indicated below:

5 ul of 10x reaction buffer (supplied with the kit),

x il (5-50 ng)of dsDNA. template;

x 1 (125 ng) of oliconucleotide primer #1 (sense primer);

x ul (125 ng) of oligonucleotide primer #2 (antisense primer);

1 pl of ANTP mix (supplied with the kit},

Sterile, deionised H,O to a final volume of 50ul;
NB: a scries of sample reactions were set up with various concenirations ot dsDNA
template ranging from 5 to 50 ng (eg., 5, 10, 20, and 50 ng of dsDNA template) while
the primer concentration was kept constant.

Then 1ul of PfuTurbo DNA polymerase (2.5U/ul) was added into each tube,
followed by a good mix by gently vortexing. The reactions were cycled in a Techgene

thermocyeler PCR machine by using the cycling parameters outlined in Table II.

TABLE II.
Cycling Parameters tor the QuickChange Sitc-Directed Mutagenesis Method

Segment Cycles Temperature Time
| i 95°C 30 seconds
2 12 95°C 30 seconds
1 55°C 1 minute
L6_8°C 2 minutes’/kb  of
plasmid length

Following tcmperature cycling, the reactions were placed on ice for 2

minutes to cool the reaction under 37°C.

2.3.4.3 Dpn 1 Digestion of the Ampiitfication Products
1 of the Dpn I restriction enzyme (U/pi) (Stratagene) directly was added to
each amplification reaction using a small pointed pipette tip. Each reaction mixturc

was gently and thoroughly mixed by pipetting the solution up and down scveral times.
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The reaction mixtures were then centrifuged at 18,000 x g in a microcentrifuge for 1
minute and immediately incubated at 37°C for 1 hour to digest the parental

supercoiled dsDNA.

2.3.4.4 Transformation of XL1-Bulue Supercompetent cells

The XI.1-Blue supercompetent cells (Stratagene) were gently thawed on ice.
For sample reaction to be transformed, 50ul of the supercompetent cells were
aliquoted to a pre-chilled Faleon™ 2059 polypropylene tube. 1l of the Dpn [-treated
DNA was then carefully transferred from each sample reaction to separate aliguots of
the supercompetant cells, and the transformation reactions were swirled gently to mix
and incubated on ice for 30 minutes. Heat pulse was performed to the translormation
reactions by incubating those reaction samples in the water bath with temperate 42°C
for 45 seconds, und then the reactions werce placed on ice for 2 minutes. 0.5ml of the
preheated to 42°C NZY+ broth (10g cascin hydrolysate, Sg yeast extract, Sg sodium
chloride, in 1 litre, pH 7.5, autoclaved and supplemented with the filter-sterilized
12.5ml Magnesium chloride, 12.5m! magnesium sulphate and 10ml 2M glucose) was
added and the transformation reactions were incubated at 37°C for 1 hour with
shaking at 200 rpm. For each sample mutagenesis, 250ul of each transformation
rcaction was placed on an agar plates containing 100ug/ml ampicillin and incubated at
37° for around 16 hours. The single colony was picked for further DNA extraction by
using QIAprep Spin Miniprep Kit. The mutated DNA was sent to sequence before it

was used in the later experiment.

2.3.4,5 Sequence Analysis

Routine DNA and deduced amino acid sequence analysis were performed on
the Gene Jockey I programme. The identity of the sequences within 500 kilo-base
pairs length of either side of the mutated sitc to the DNA templates was thought 1o be

good.

2.3.4.6 Glycerol Stocks
A single colony was picked from an agar plate and was inoculated with Sml
of L-broth supplemented with a selection antibiotic (usually 100pg/mt ampicillin).

The culture was grown overnight at 37°C. After 16 hours, 1 ml of the overnight
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culiure was transferred into a sterile eppendorf tube where was 500ul of sterile
glycerol (Riedel-deHaén) on the bottom. The glycerol stock was immediately frozen

by dry ice and then stored at -80°C.,

2.3.5 Agarose Gel Analysis of DNA

DNA was visualised using agarose gel electrophoresis, 1% agarose was
dissolved in 1x TBE (9M Tris base, 20mM EDTA, 0.9M Boric acid) by heating in the
microwave, during which the bottle that contained the mixture was gently swirled to
reduce the bubbles in the solution. To this solution, 0.G1% ethidium bromide was
added, which enables visualisation of the DNA under a UV light source. A comb and
end stoppers were then set up in the gel apparatus, according to thc manufacturer’s
instruction. Once the ethidium bromide was well mixed in the agarose solution, it was
poured into the sct up gel apparatus and allowed to set completely. The comb and end
stoppers were then carefully removed, and the gel tank was filled with 1x TBE until
the TBE buffer covered the solid gel. 5ul of standard 1Kb DNA ladder marker
(Roche) was added to the first lane to enable the prediction ol the size of DNA
fragments, and all the diluted DNA samples 6:1 with 6x Blue/Orange loading dye
(Promega) were added sequentially from the second lane onto the gel. The gel was run
at 50v until the dye front migrated along the gel and the fragments of DNA were

separated. Then the gel was carefully removed from the tank and subject to UV lighl.

2.4 Laser Scanning Confocal Microscopy (LSCM)
2.4.1 Preparation of slides

HEK-B2 cells were plated onto poly({L-lysine)-treated coverslips (18mm x
18mm) at approx. 40% confluence in 6 well tissue culture plates. After treatment with
the indicated ligunds, cells were fixed for 10 min in 4% (w/yv) paraformaldehyde
(dissolved in Tris buffered saline (TBS) (150 mM NaCl, 20 mM Tris, pi 7.6) and the
coverslips were washed three times, for 5 min each time, in TBS. Cells were then
permeabilized in 0.2% Triton-contained TBS for 15 min, and blocked in a blocking
sofution (10% goat serum, 4% BSA dissolved in TBS) at room temperature for 1hr.
The primary antibody used specifically to detect phosphorylation of the 12AR on
Ser355/356 by GRK2 or on Scr345/346 by PKA was diluted to the required
concentration in diluting buffer (blocking buffer dilute 1:1 with TBS) and 200 ul of
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the primary antibody solution was added to each slide. This incubation time was
around 2 hrs at room temperature. The cells were washed three times with 5 min
incubations in blocking solution and incubated with 200 pl of 1:400 diluted Alexa
Fluor 594 fluorophore-conjugated IgG (Molecualr Probes) for 1 hr. Cells were then
washed extensively with TBS (~5 times), and mounied on microscope slides with

Immunomount (Sandon).

2.4.2 Visualization of cclls

The cells were visuvalized using a Plan-Apo 40 x 1.4 NA oil immersion
objective and the Zeiss Pascal laser-scanning confocal microscope (Zciss,
Oberkochken, Germany). The Alexa 394-conjugated antibody was excited at 543 nm
and detected at 590 nm. The GFP tagged on the BAR was excited at 495 nm and
detected at 518 nm.




Companies

Antibodies

Abcam

Anti-Proteasome 195 S54A;

! Anti-Proteasome 198 S1;
. Anli-Proteasome 198 82;

Anti-Proteasome 198 56,
Anti-Proteasome 198 S12

Affinity BioReagents

Anti-arrestin (Pan)

Amersham Biosciences

Anti-mouse IgG peroxidase conjugate

BD Pharmingen

Anti-Mdm?2

BD Transduction Laboratoties 1

Anti-RACK1;
Anti-Ubc9

Cell Signalling Technology

Phospho-pd4d/42 MAP Kinase
(Fhe202/Tyr204);

p44/42 MAP Kinase antibody;
Phospho-(Ser/Thr) PKA substrate anlibody

CALBIOCHEM Anti-GFP
GENESIS Anti-GST -
1COS Anti-PDE4D

. Santa Cruz Biotechnology

p-B2-AR (Ser345/Ser346) antibody;
p-B2-AR (Sex355/Ser356) antibody;
B2-AR (H-20) antibody;

Anti-GRK1 (C-20); Anti-GRK2 (C-15);
Anti-GRK3 (C-14); Anti-GREK4 (H-70);
Anti-GRKS (C-20); Anti-GRKS6 (C-20)
Anti-Ub (P4D1)

SAPU

Anti-PDE4B

UPSTATE

Anti-AKAP79; Anti-gravin

Zymed Laboratorics Lnc.

Anti-GMP-1 (SUMO-13;
anti-Sentrin 2 (SUMO-3)

Companies

Inhibitors

Calbiochem

U0126 (for MEK);
H89 (for PKA);
MG-132

Rolipram

Cilostomide

Figure 2.1 Table of antibodies and inhibitors produced by companies other than

SIGMA.
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Chapter 3

The Role of PDE4 in ,-adrenergic Receptor Desensitization

24



3.1 Introduction

Extracellular signals provided by molecules such as hormoncs and
ncurotransmitters are relayed into cells through a large family of membrane receptors
known as GPCRs (G protein-coupled receptors) (Lefkowitz and Whalen 2004). These
agonist-occupied GPCRs are activated, adopting new conformations to confer
¢oupling to membrane-localized G proteins, and thus promoting the dissociation of
membrane bound heterotrimeric G proteins into Go. and GBy subunits. The activated
G protein subunits then amplify and transduce signals within cells to modulate the
activity of effector molecules, such as adenylyl cyclases, phospholipases and ion
channels (Shenoy and Lefkowitz 2003). In order to prevent the potential harmful
effects resulting from persistent reccplor stimulation, an adaptive response uscd by
cells to constrain G protein signaling, a process known as ‘desensitization’ is initiated,
and the intensily of the functional response fo hormone wanes over time. For most of
GPCRs that have been studied, desensitization follows a universal mechanism that
involves two [amilies of proteins, the GRKs (G protein coupled receptor kinases) and
the arrestins (Lefkowif{z and Whalen 2004),

In thc case of the prototypic Ba-adrenergic receptor (B2AR), agomnist
stimulation leads to its binding to and activating the G protein, Gs (Pierce et al. 2002).
While the freed Ga subunit activates membrane-localized adenylyl cylases and
gencralos  compartmentalized cAMP near plasma membrane, the resultant Gy
subunits recruit GRK2 to the membrane, allowing it to phosphorylate the AR at
residues on its carboxyl terminus (Lodowski et al. 2003). This phosphorylation
promotes the high affinity binding of cytosolic B-arrestins and triggers the recruitment
of these arrestins to the membrane-bound, GRXK2~phosphorylated B;AR. Such binding
of B-arrestin to the B3AR prevents further coupling to its cognate Gs proteins, and
mediates the clathrin-dependent internalization of B3AR (Lefkowitz and Shenoy
2005). Additionally, phosphorylation of (AR appears to play another important
mechanism for its desensitization, which involves a teedback loop in which the
increased cAMP generated by the agonist stimulated B;AR, activates PKA that

switches the f2AR coupling to the G protein, Gi, and ultimately attenuates production
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of the cAMP (Daaka et al. 1997). This PKA mediated phosphorylation of 3:AR and
subsequent switching also leads to the activation of ERKI1/2 (extracellular signal-

regulated kinases 1/2) pathway.

PDEs (phosphodiesterases) provide the sole means to degrade cAMP in cells
(Houslay and Adams 2003). Currently, there is much interest in members of the
cAMP-gpecific PDE4 family, because PDE4 selective inhibitors have potential
therapeutic benefits for treating asthma and chronic obstructive pulmonary disease,
and they can also act as cognitive enhancers and anti-depressants (Houslay et al. 2005;
O’Donnell and Zhang 2004).

The PDE4 family is encoded by four genes, called PDE4A, PDE4B, PDE4C,
and PDE4D (Houslay and Adams 2003). Each gene generates a number of isoforims
due to the diffcrent transcriptional starting site as well as alternative mRNA splicing,.
These isaforms are expressed on a tissue and cell type-specific basis (Houslay and
Adams 2003; Conti et al. 2003). A feature of PDE4 isoforms is their ability to target
to distinct intracellular sites. This featurc can be duc to their forming signaling
complexes with a variety of scaffolding or signaling proteins and thus integrating with
other signaling pathways. So far, there are a number of proteins that are identified to
interact with specific PDTI4 isoforms, such as Src family tyrosine kinases (McPhee et
al. 1999), RACK1 (receptor for activated C-kinase 1) (Yarwood et al. 1999),
myomegalin (Verde et al. 2001) and AKAPs (McCahill ¢t al. 2005; Tasken et al. 2001;
Dodge et al. 2001). Recently, Perry et al. demonstrated that the PB-arresting bind
PDE4D family, and in particular, PDE4DS (Perry et al. 2002). These complexes exist
in the cytosol and are recruited to the plasma membrane in an agonist-dependent
manner by virtue of B-arrestin translocation. The functional importance of this -
arrestin-delivered PDE4D is to hydrolyse localised ¢cAMP around the activated
receptor at an enhanced rate, thus slow the rate of PKA activation and subscquent
B2AR Gi switching with consequential ERK activation, In doing so, B-arrestin plays a
dual role in desensitizing >AR as it not only slows the ratc of 3,AR/Gs-stimulated
cAMP generation, bui in a coordinated fashion increases the rate of cAMP

degradation in proximity to receptor-adenylyl cyclase signalling vnit.
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Several recent studies have shown that receptor phosphorylation by GRK2 1s
modulated by other kinases, such PKA, PKC, Src and ERK1/2 (Figure 3.1) (Kohout
and Lefkowitz 2003). The effects of a particular phosphorylation event are dependent
on what sites are being phosphorylated. Phosphorylation effects include the changes
in GRK?2 catalytic activity, protein binding affinity and its turnover rate. Among these
phosphorylating kinases, PKA has been shown to phosphorylate GRK2 at Scr685 and
increase its binding affinity towards free Gy, rather than directly enhance its activity,
thereby accelerate the recruitment of active GRK2 to the plasma membrane. This
facet of GRK.2 rcgulation provides a fundamental step in the $,AR desensitization. In
the case of PKA, its activity is mediated by the intracellular levels of cAMP that is
shaped by PDEs in HEKB?2 cells. Thus, PDE4 may be acting as a guardian that

coordinates this event that is crucial to the initial stages of 3,AR desensitization.

The experiments outlined in this chapter, investigate whether PDE4 activity
can regulatc GRK2 phosphorylation by PKA, and whether PDE4 activity can
influence the rate of P2AR desensitization through its direct action on GRK2

distribution.

3.2 Resulis
3.2.1 The isoprenaline-stimulated PKA phosphorylation of GRK2 is amplified by
inhibition of ’'DE4
3.2.1.1 GRK2 is the major species among 7 GRKSs in HEKB2 cells

So far, 7 members of GRK family have been identified. As GRK1 and GRK7
arc almost exclusively expressed in retina, so detection of the expression of the other
five GRK species was aftempled in HEKB2. Endogenous GRKZ2-GRKG6 were
analysed in resting HEKB2 cells by Western blotting using antisera specific against
GRK2, GRK3, GRK4, GRKS and GRKS, respectively. In contrast with that of GRK2,
antisera against GRK3, GRK4, GRKS5 and GRK6 failed to detect these species in
1IEKB2 cells (Figure 3.2), suggesting that GRK2 is the major species in these cells.
Thus, in this chapter, I will only focus on the effect of PDE4 on GRK2,

3.2.1.2 Isoprenaline stimulates PKA phosphorylation of GRK2 in HEKB2 cells




Cong et al. have shown that GRI?2 can be phosphotylated at Ser633 by PKA
in vitro, so I set out to investigate whether this phosphorylation can occur in HEKB?2

cells when the B-agonist isoprenaline was added.

HEKB?2 cells were subjected to an isoprenaline time course (0-10min), and
harvested in 3T3 lysis buffer. As no phospho-antibody to the PKA phosphorylation
site on GRK2 was available, GRK2 was immunopurified and then blotted with an
antibody that specifically detects PKA phosphorylated substrates, Once the lysates
were obtained, GRK2 was immunoprecipitated from HEKB2 cells using a GRK2-
specific antibody. The resultant immunoprecipitate was probed with anti-GRK2
(Figure 3.3 a, lower panel), and anti-PKA substrate antibody (Figure3,3 a, upper
panel), respectively. GRK2 migrated as a single immunoreactive specics at 79 kDa. In
the presence of isoprenaline, the anti-PKA substrate antibody revealed a time-
dependent appearance of PKA-phosphorylated GRK2 (Figure 3.3 a,b). Similarly,
when the anti-PKA substratc was used to immunoprecipitatc PKA-phosphorylated
proteins from HEKB?2 cells, followed by probing the imwnunopurified samples with
anti-GRK antibody, a single 79 kDa species was detected following 5 min of
isoprenaline treatment (Figure 3.3 ¢,d). Both these experiments confirm that

isoprenaline causes a time-dependent PKA phosphorylation of GRK2 in HEKB?2 cells.

3.2.1.3 PDE4 inhibition cnhances isoprenaline-induced PKA phosphorylation of
GRK2 in HEKB2? eclls

PDEs provide the sole means of hydrolyzing cAMP in cells {Houslay and
Adams, 2003). In HEKB2 cells, approximately 60% of the cAMP PDE activity is
contributed by PDE4 (Perry ct al. 2002; Lynch ct al, 2005). The functional importance
of PDE4 family can be assessed by chemical ablation of PDE4 activity using the
PDI4-selective inhibitor rolipram (Houslay and Adams, 2003). In order to determine
whether PDE4 is involved in the PKA phosphorylation of GRK?Z2, the PDE4-selective
inhibitor rolipram was used to chemically ablate PDE4 activity in HEKB2 cells, Cells
were pre-incubated with 10uM rolipram for 10 min, and then challenged with
isoprenaline for a 1~10 min time course. Then these treated cells were harvested in
3T3 lysis buffer at the indicated time, followed by centrifugation to peliet ceil debris

at 18,000 x g. Supernatants were then analysed. In all expcriments the protein
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concentration of the lysates for cach time point was normalized. In similar
experiments to those described above but this time using a rolipram pre-incubation, |
observed that the presence of the PDE4-selective inhibitor rolipram accelerated the

ability of isoprenaline to cause PKA phosphorylation of GRK2 (Figure 3.3 a, c).

In order to confirm that the enhanced PKA phosphorylation of GRK2
mediated by PDE4 inhibition was actually PKA-dependent, a specific PKA inhibitor
1189 (1uM) was pre-incubated together with rolipram for 10 min before the
isoprenaline challenge. Doing (his, no PKA phosphorylation of GRK2 was detected
(Figure 3.3 a, ©).

3.2.1.4 PDE4 inhibition alone is able to cause time-dependent PKA
phosphorylation of GRIK2

In the studies above, HEKB2 cells were challenged with isoprenaline after a
10 min pre-incubation with rolipram. However, PKA phosphorylation of GRK2 was
clearly evident in rolipram-pretreated cells before the addition of isoprenaline (zero
time; Figure 3.3 a, c). Thus, I set out to examine if the addition of rolipram alone can
elicit PKA phosphorylation of GRK2 and it this phosphorylation is {ime-dependent.
HEKB2 cells were subjected to rolipram treatment alone (0~10 min time course) and
GRK2 phosphorylation by PKA was observed as hefore. The results here showed that
addition of rolipram alone can cause the time-dependent PKA phosphorylation of
GRK?2 (Figure 3.4 upper panel), and that PKA inhibitor H89 ablated this effcet

(Figurc 3.4 lower panel).

Intcrestingly, despite the fact that 40% of total cAMP PDE activity in
HEKB2 cells is contributed by PDE3 (Lynch et al. 20035), the PDE3-selective
inhibitor, cilostamide, failed to trigger such a PKA phosphaorylation of GRK2 (Figure
3.4 lower panel). This suggests that PDE3 exerts diflerent compartmentalized actions
from PDE4 in HEKB2 cells. Indeed, in many ccll types, it has been shown that
selective inhibition of PDE3 and PDE4 rcsult in very different functional outcomes
{Maurice et al. 2003; Huang et al. 2001).
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3.2.2 The effect of PDE4 inhibition on PKA phosphorylation of GRK2 is not
PDE4 subfamily-specific

Recently, Lynch et al. developed siRNA reagents and transfection conditions
that allow for the selcctive ablation (>95%) of cxpression and activity of PDE4B,
(PDE4B2), which contributes 30% of the total PDE4 activity in HEKB2 cells, and
PDEA4D, (PDE4D3 and PDE4DS5), which provide 60% of the total PDE4 activity in
HEKB? cells. Although the use of rolipram can assess the functional importance of
PDE4 action, it cannot discriminate between the actions of PDE4 subfamilies. 1hus,
in order Lo evaluate the individual contribution of PDE4B und PDE4D to the PKA
phosphorylation of GRK2, 1 used HEKB?2 cells that were treated with siRNA against
PDE4B, PDE4D, or both PDEAB and PDE4D.

Ablation of cither PDE4B or PDE4D subfamilies resulted in an enhanced
agonist triggered PKA phosphorylation of GRK2 (Figure 3.5 upper panel). Such
results support the data obtained from chemical ablation of PDE4 activity (Figure 3.3
4, ¢). However, in contrast to the detection of increased PKA phosphorylation of
GRK2 in resting HEKB? cells (Figure 3.4 upper panel), siRNA-mediated knockdown
of either PDE4B or PDE4D alone failed to achicve this effect (Figure 3.5 upper
pancl). Interestingly, knockdown of both PDE4B and PDE4D together did achieve
such an increase (Figure 3.5 lower panel). Indeed, such a combincd knockdown
resembles that of rolipram, which inhibits both of these PDE4 families. Thus, it
appears that the effect of PDE4 on PKA phosphorylation of GRK2 is not subfamily-

gpecific.

3.2.3 PDEA4 inhibition cnhances isoprenaline-stimulated membrane translocation
of GRK2

PKA phosphorylation of GRK2 has been previously suggested (Cong el al,
2001) to increase the binding affinity of GRK2 towards free Gy subunits near the
plasma membrane. This event oceurs after activation of the agonist-occupied receptor,
promoting membrane recruitment of GRK2 and subsequent GRK 2 phosphorylation of
the receptor. As inhibition of PDE4 enhances isoprenaline-sitmulated PKA

phosphorylation of GRK2, 1 investigated the functional consequences of this and
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examined whether enhanced PKA phospoluylation of GRK2 resulted in changes in

GRK2 membrane translocation.

HEKB2 cells were treated with 10uM isoprenaline in the absence/presence of
10uM rolipram, and harvested at indicated times, Membrane fractions were obtained
as described in Materials and Methods, and analysed by Western blotting with a
specific anti-GRK2 antibody. The amount of GRK2 which had translocated to the
membranc under different treatments was quantified by densitometry. Here, [ show
that challenge of HEKB2 cells with isoprenaline elicited a time-dependent membrane
translocation of eytosolic GRK2 (Figure 3.6 a, left panel). However, if the cells were
pre-treated with rolipram, this recruitment was not only accelerated, but also was

clearly transient in naturc (Figure 3.6 a, left panel).

This surprising change in the kinetics of GRK2 membrane recruitment led
me to examine further the factors that might directly mediate this process.
Considering the other kinases that can rcgulate GRK2 by direct phosphorylation, ERK
was chosen to study as it has been shown (Penn 2000) that ERK phosphorylation of
GRK?2 decreases its binding affinity to GPy subunit and thus potentially promotes its
release from the plasma membranc back to the cytosol. By additionally treating cells
with the MEK (mitogen-activated protein kinase/ERK kinase) inhibitor, UO126, 1
observed that such transient translocation of GRK2 to membrane, after rolipram pre-
incubation, was abolished and GRK2 was maintained in the plasma membrane

throughout the time course (Figure 3.6 a, right panel).

Again, it was evident that rolipram pre-treatment alone sufficed to stimulate
GRK?2 translocation (Figure 3.6 a, left panel; zero time). In order to investigate the
kinetics of the rolipram induced translocation, a 0~10 min timc course was carried out
using 10 UM rolipram (Figure 3.6 b, upper panel). As a control, 1M H89 was added
10 min before rolipram challenge, and this ablated GRK2 recruitment to the
membrane fraction (Figure 3.6 b, lower panel). Thus, treatment of ITEKB2 cells with
rolipram alone can cause both the PKA phosphorylation of GRK2 (Figure 3.4) and its

time-dependent membrane transtocation (Figure 3.6 b),
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In order o further assess the PKA phosphorylation status of GRK2 at the
plasma membrane, 1 combined both membrane fractionation and subsequent
immunopreeipitation (as described in Materials and Methods) after treating the
HEKB2 cells (3 min isoprenaline challenge; 10 min Roli+H89 pre-treatment,
followed by 3 min isoprenaline challenge; or 10 min rolipram pre-treatment plus 3
min isoprenaline challenge). Similar to the rcsults obtained from experiments using
cell lysates, the PKA phosphorylated form of GRK2 was shown to be membrane
recruited following isoprenaline treatment, and accumulate more in the presence of
rolipram. Recruitment was abolished by pre-treatment with FH89 (Figurc 3.7)

reinforcing the absolute requirement of activated PKA for this process to occur.

3.2.4 PDEA4 inhibition accelerates phosphorylation of the p;AR by GRK2

One of the functions of membrane-localized GRK?2 is to phosphorylate ;AR
and mediate the subsequent desensilisation process. Since PDE4 inhibition has been
shown to result in enhanced and more transient membrane translocation of GRK2, |

set out here to study the GRK2 phosphorylated status of f2AR.

HEKB2 cells were challenged with isoprenaline during 2 0~10 min time
course, and harvested in 3T3 lysis buffer. Clear lysales were obtained after 18,000 x g
centrifugation and normalised to equal protein levels, These nonnalised lysates were
then subjected to Western blotting and probed with a specific phospho-antiserum
against the GRK2 phospho site on the B2AR, Ser 355/356. Tt was clear that
isoprenaline challenge of HCKB2 cells led to the time-dependent phosphorylation of
B2AR by GRK2 (Figure 3.8 a). This action was ablated upon siRNA-mediated
knockdown of GRK2 (Figure 3.8 b), confirming the requirement of GRK2.

In order to assess the effect of PDE4 inhibition on GRK2-phosphorylation of
the B2AR, HEKB2 cells were pretreated with rolipram before isoprenaline challenge
at indicated times. This treatment appeared to accelerate the ability of isoprenaline to
trigger the phosphorylation of the PsAR by GRK2 (Figurc 3.8 a), indicating that
PDE4 gates the action of GRK2 on AR alter agonist binding.
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Indeed, challenge with rolipram alone can also cause the time-dependent
GRK2 phosphorylation of the $;AR (Figure 3.9 a). This corresponded well with the
observed recruitment of GRK2 after rolipram treatment (Figure 3.6 b, upper panej).
The ability of rolipram to promate the GRK2 phosphorylation ot AR was ablated
upon GRK2 knockdown (Figure 3.9 b).

Results shown earlier in this chapter suggested that the combined effects of
PDE4B and PDI4D contributed to the change in PKA phosphorylation of GRK2,
which mimicked rolipram action. Using siRNA 1 investigatcd whether the combined
action of PDE4B and PDEAD also resulted in increased phosphorylation of B2AR by
GRKZ2.

Control cells and cells pre-trcated with specific sSiRNA to PDE4B and
PDE4D were challenged with 10 M isoprenaline during a 0~5 min time course. The
lysates were subjected to Western blotting by specific antibodies ugainst PDE4B and
PDE4D, respectively. And it was observed that 95% of PDE4B and PDE4D were
knocked down. Following siRNA-mediated knockdown of both PDE4B and PDE4D,
the lysates were probed with antiserum specific against the (B2AR phospho
Ser355/356. As was the case with GRK2 recruitment to the membrane (Figure 3.6 a),
GRK2-mediated phosphorylation of $2AR increased when both PDE4B and PDE4D
were genetically ablated (Figure 3.10).

Consistent with previous data from rolipram experiments, siRNA-mediated
ablation of PDE4R and PDE4D also increased the GRIK phosphorylation of the 2AR

in resting (unstimulated) cells (Figure 3.10, zero time).

3.2.5 PDE4 inhibition acceleraies membrane recruitment of p-arrestin and
PDE4D

Perry ¢t al. have shown that isoprenaline stimulates the time-dependent,
transient and concomitant membrane recruitinent of both B-arrestin and PDE4D in
ITEKB2 cells (Perry et al. 2002). 1 confinmed this in the present study by probing the
membrane fraction from each time point with antiserum against B-arrestin and

PDEAD respectively. Additionally, I showed that in isoprenaline-challenged cells that
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had been pre-treated with 10uM rolipram for 10 min, the transient membrane

recruitment of B-arrestin and PDE4D, occurred more rapidly (Figure 3,11).

Indeed, I noticed that challenge of TIEKB2 celis with rolipram alone sufficed
to cause membranc recruitment of both B-arrestin and PDE4D3/DS (Figure 3.12, left
panel). Comparing these time courses to experiments when GRIK2 translocation was
examined under the same conditions, it was apparent that the concomitant membrane
recruitment of f-arrestin and PDE4D3/DS occurred later than the recruitment of
GRK2 (Figure 3.6 b} and GRK phosphorylation of the B2AR (Figure 3.9 a). These
kinetics make sense as others have shown that the recruitment of arrestin s dependent
on the phasphorylation of the receptor by GRK2 (Lefkowitz and Shenoy 2005). All

such rolipram-induced translocations were ablated by H89 (Figure 3.12, right panel).

3.2.6 Analysis of PDE4 inhibition effect on ERK-phosphorylated GRK2

HEKB2 cells were challenged with isoprenaline in the absence/presence of
rolipram over a 0~10 min time course and harvested in KHEM bufler. Membrane
fractions were obtained and subjected to Western blotting with the specific antiserum
against phospho-GRK2 Ser670 (which is the site of ERK phosphorylation on GRXK.2).
It was shown that challenge of HEKB2 cells with isoprenaline caused a time-
dependent increase in the level of ERK-phosphorylated GRK2 at the membrane
(Figure 3.13, upper pancl), and that in the presence of rolipram, such an increase was
not only accelerated, but was also shown to be profoundly transient in nature (Figure
3.13, lower panel). In fact, the transieitce of this effect bears similarities with the time-
dependent membrane recruitment of GRK2 (Figure 3.6 a). However, in contrast with
this observation (Figure 3.6 b), I did not detect any signal for ERK phosphorylated
GRK2 from the 10 min rolipramn alone-treated HEKB2 cells (Figure 3.13), as
indicated by the zero time point in the isoprenaline challenge time course with 10 min

rolipram pre-incubation.
The two distinct observations on the effect of sole PDE4 inhibition in

regulating GRK2 membrane recruitment and ERK phosphorylation status of GREK2
can be further explained by the different actions of PKA and ERK.
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In the abscnce of isoprenaline, rolipram alone is sufficient to stimulate PKA
and subsequently, induces PKA phosphorylated GRK2 (Figure 3.4, upper panel),
triggering GRK2 membrane translocation (Figure 3.6 b). However, inhibition of
PDE4 by rolipram was not able to cause ERK activation (Figure 3.14, zero time point,
negative time course of 0~10 min, 10 uM rolipram), which is due to the lack of f2AR
switching from Gs to Gi. Indeed, challenge of HEKB2 cells with isoprenaline is
known to be required to activate ERK (Figure 3.15) (Baillie et al. 2003; Lynch et al.
2005). Rolipram pre-treatment ol isoprenaline-challenged cells markedly enhanced
the magnitude and kinetics of this process (Figure 3.15). ‘This may explain the more
rapid ERK phosphorylation of membrane associated GRK2 that ensues in rolipram

pre-treated cells challenged with isoprenaline (Figure 3.13).

3.2.7 Analysis of PDE4 inhibition on the trafficking and GRK phosphorylation
status of the B;AR in HEKB2 cells

To evaluate the contribution of PDE4 io the dovclopment of PrAR
phosphorylation by GRK and to visualize internalization by confocal
immunohistochemistry, 1 cxamined the ability of thc PDEd-selective inhibitor to
affect these processes in an agonist dependent manner, GRK-phosphorylated 32AR
(Ser355/356) can be detected using a specific antibody which has been extensively
characterized by others (Tran et al, 2004). Thus, [ used this reagent to define the
temporal and spatial dynamics of the GRK2-phosphorylated form of the AR in
HEKRB2 cells (Figure 3.22). In these studies, the green fluorescent channel detects the
GFP-tagged [2AR, and the red channel detects the GRK2-phosphorylated PAR.
Therefore, the merged images of the two chaanels will identify the GRK2-
phosphorvlated form of B2AR as a yellow signal (Figore 3.22). Here, I observed that
challenge of HEKB2 cells with isoprenaline leads to a steady increase in PiAR
phosphorylation by GRX over the time coursc (Figurc 3.22, upper paunel). Also
evident is that internalisation of the B;AR began after 8§ min of isoprenaline
stimulation and a major fraction of the 2 AR population is internalised some 16 min
after isoprenaline challenge (Figure 3.22, uppcr panel). In the presence of rolipram,
the increases in both [2AR phosphorylation and internalisation are seen ecarlier

throughout the time course. Additionally, basal GRK phosphorylation of the ;AR
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and internalisation in HEKB2 cells pre-treated with rolipram (without agonist) are
cvident, indicating that rolipram alone can affect the kinetics of GRK-phosphorylation
of this receptor (Figure 3.22, lower panel), which is consistent with the biochemical

data presented previously (Figure 3.3 a, ¢).

3.2.8 Rolipram triggers PKA phosphorylation of GRK2 in cardiac myocytes

It is known that impaired $,AR signalling, especiaully impaired
desensitisation resulting {rom persistent GRK2 activation, lcads to the pathogenesis of
heart failure (Penn et al. 2000; Tachibana et al. 2005). 1t is also known that PDE4D
gene inactivation in mice can lead to accelerated heart failure after myocardial
infarction (Kehnart et al. 2005). Consequently, work in this chapter sought to
investigate whether the underlying trend that PDE4 activity could gate PKA
phospharylation of GRK2 and inlluence subsequent downstrecam signalling events
could also be envisaged in cultured nconatal cardiac myocytes. To this end I
performed similar biochemical techniques in these cells to those employed for
HEKB2 cells. The resulis showed that challenge of cardiac myocytes with
isoprenaline caused the time-dependent PKA phosphorylation of GRK2 (Figurc 3.16),
and also caused membrane recruitment of GRK2 (Figure 3.17). These responses were
amplified by pre-incubation with rolipram (Figure 3.16, Figure 3.17). Consistent with
the previous data obtained in HEKB2 cells, treatment of cardiac myocytes with 10
uM rolipram alone sufficed to trigger both PKA phosphorylation of GRK2 (Figure
3.16) and membrane recruitment of GRK2 (Figure 3.17). As a negative conirol, 1 uM
H89 was added before challenge with rolipram, which ablated the actions of relipram
{(Figure 3.16 and Figure 3.17, right panet), confirming the role of rolipram in gating
PKA actions on GRK?2 in cardiac myoctyes. This provides further evidence of the
crucial role of PDE4 in preventing inappropriate activation of GRK2 in cardiac
myocytes. These observations may have potential for the development of novel

therapies to treat hcart failure.

3.2.9 PDE4 inhibition enhances isoprenaline-stimulated PKA phosphorylation of
B2AR

The B-agonist, isoprenaline, elicits the phosphorylation of the B2AR both by
GRK and by PKA (Pierce et al. 2002; Pronin ¢t al. 2002; Perry and Lefkowitz 2002;
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Lefkowitz et al, 2002). Both kinases contribute to 2AR desensitization, via different
molecular mechanisms. As I have already stodied the role of PDE4 in GRK2-
mediated B;AR desensitization, here, I will focus on its effect in the PKA-mediated

pathway.

HEKB2 cells were challenged with 10 puM  isoprenalinc in the
absence/presence of 10 pM rolipram during a 0-10 min (ime course. Cells were
harvested and protein levels were normalised, The PKA phosphorylation of p2AR was
analyzed using a specific phospho-antiserum against the phospho-B2AR at Ser345-346.
As previously noted (Batllie et al. 2003), isoprenaline challenge of these cells causes
the transient phosphorylation of the B2AR (Figure 3.18 a). However, the added
presence of rolipram, profoundly potentiates both the speed and magnitude of this
response (Figure 3.18 a, b). This amplification was ablated upon treatment of PKA
inhibitor T189 (Figure 3.18 ¢). A specific antiserum against total JAR was uscd as a
loading control (Figurc 3.18 a).

To study this effect further, I employed confocal immunohistochemisiry to
analyse these effccts visuvally, The PKA-phosphorylated $2AR (Ser345/346) can be
detected using a specific antibody. Thus, I used this reagent to define the temporal and
spatial accumulation of the PKA-phosphorylated form of the $,AR in HEKB2 cells
(Figure 3.23). In these studies, the green fluorescent channel detects the GFP-tagged
B2AR, and the red channe! detects the antibody against the PKA-phosphorylated
B,AR. Therefore, the merged images for both channels will identify the PKA-
phosphorylated form of B;AR as a ycllow signal (Figure 3,23}, Here, 1 show that
without rolipram pre-treatment, no detectable PKA-phosphorylated ;AR is seen
under basal conditions. However, addition of isoprenaline caused the $,AR to become
quickly phosphorylated and, subsequently, internalised. Furthermore, rolipram
treatment alone could induce PKA phosphorylation of the receptor and agonist
induced effects were both faster and more profound (Figure 3.23, lower panel), when
rolipram was present (Figure 3.23, upper panel). Taken together, the biochemical and
immunchistochemical data support each other und suggest that PDE4 has a role in

controlling the PKA phosphorylation of the f.AR.
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3.2.10 Isoprenaline-stimuliated phosphorylation of B;AR by PKA is dependent
upon AKAP79 but not gravin

Gradients of cAMP in cells are sampled by anchored forms of PXA that bind
to members of a family protein known as AKAPs (Tasken and Aandahl 2004; Michel
and Scoit 2002). Although AKAPs arc structurally unrelated, they all interact wilh
PKA in the same manner through the dimmerization interface of the regulatory
subunits (Newlon et al. 1999).

Tt has been shown previousty that the f2AR can be co-immunoprecipitated
from rat brain with AKAP150, the rodent homologue of human AKAP79 (Fraser et al.
2000), indicative of a constitutive interaction between these two species. Here, T show
that in HEKB2 cells, the $,AR can be co-immunoprecipitated with endogenous
AKAP79 (Figure 3.19 a, lcft pancl). Indeed, AKAP79 appears to be constitutively
associated with the B,AR in HEKB2 cells, and the level of its association with the
B2AR is scomingly unaffected by challenge of cells with isoprenaline or isoprenaline
plus rolipram over a period (Smin) (Figure 3.19 a, right panel). Such conditions
suffice, however, to allow for the activation of PKA, PKA phosphorylation of the
B2AR (Figure 3.19 b, upper panel), and the recruitment of B-arrestin-PDE4D complex
lo the B2AR/membranc fraction (Perry et al. 2002; Bolger et al. 2003). Similarly, over
this time of challenge there was no charge in the amount of AKAP7Y associated with
the P2 membrane fraction, The siRNA-mediated knockdown of AKAP79, in HEKI32
cells, ablated either isoprenaline or isoprenaline plus rolipram initiated PKA

phosphorylation of the B-AR (Figure 3.19 b).

In A431 human epidermoid carcinoma cells, it has been shown that
isoprenaline challenge elicits the PKA phosphorylation of gravin (AKAP250) (Lin ct
al, 2000; Tao et al. 2003). This allows for the membrane recruitment of gravin where
it can interact with the B2AR. Data presented here, demonstrates that, in contrast to
AKAP79, gravin was not constitutively associated with either the B2AR or the plasma
membrane fraction in HEKB2 cells (Figure 3.20 a; zero time). However, challenge of
HEKB2 cells with isoprcnaline alone or isoprenaline plus rolipram confers the
translocation of gravin to the P2 membrane fraction, which was maximal after 3 min

(Figure 3.20 a, right panel). Although challenge with isoprenaline or isoprenaline plus
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rolipram also allowed gravin to translocate o the 82AR (Figure 3.20 a, left pancl), the
maximal recruitment was delayed till 5 min after agonist challenge (Figure 3.20 a, left
panel). Again, unlike the effect of knockdown of AKAP79, the siRNA-mediated
knockdown of gravin did not alter the ability of isoprenaline alone or isoprenaline
plus rolipram to cause the PKA phosphorylation of the 82AR (Figure 3.20 b, upper
pancl). This suggests that isoprenaline-stimulated PKA phosphorylation is via the

scaffolding of AKAP79 near the receptor.

3.2.11 Interaction with PB-arrestin is required for PDE4D to regulate
isoprenaline-stimulated phosphorylation of ERK

It has been previously suggested that ectopic -arrestin?2 confers
isoprenaline-stimulated PDE4 membrane translocation, which attenuates switching of
B2AR coupling from Gs to Gi and subsequent ERK pathway activation (Baillie el al.
2003). In order to investigate further the role of PDE4 in the regulation of this
switching, 1 used catalytically inactive mutants in a dominant ncgative sirategy. Single
point mutations of PDE4DS5 (in the catalytic domain) were generated producing
catalytically inactive forms which were still able to bind P-arrestins. A dominant
negative role was assumed by displacement of active endogenous PDE4D from -
atresting, as seen by its ability to cnhance isoprenaline-stimulated phosphor-ERK.
formation (Baillie et al. 2003),

HEKB?2 cells were transfected with an empty vector or catalytically inactive
PDE4DS, and then stimulated with 10 uM isoprenaline at the indicated times. Cell
lysates were harvested in 3T3 lysis buffer and subjected to Western blotting with
specific antiserum against phospho-ERK. The same blot was stripped and probed with
anti-ERK antibody as a loading control, Anti-VSV antibodies were used te for
expression of PDE4D5 /N, Expression of catalytically inactive PDE4DS (DN-
PDE4DS5), in HEKB2 cells, markedly increased the ability of isoprenaline to activate
ERK1/2 (Figure 3.21). However, when the catalytically inactive PDE4DS was further
mutated in its isoform-specific N terminal region where [-arrestins preferentially
interacts (Arg34—Ala) (Bolger et al. 2003), their unique interaction was efficiently
ablated. The potentiating effect of dominanl negative PDE4DS on isoprenaline-

stimulated ERK phosphorylation was abolished when an Arg34-—Ala form of
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PDE4D5 was transfected into the HEKB2 cells (Figure 3.21). This shows that the
potentiating effect of dominant negative PDEADS on this response is dependent upon

its ability to intcract with B~arrestins.

3.3 Discussion

Previous studies have shown that thc functioning of CRK2 in the B;AR
desensitization proccss can be regulated by the activity of other kinases, which
directly phosphorylate GRK2 {Kohout and Lefkowitz 2003). The effects of these
phosphorylations vary, depending on the identity of the specific kinase. PKA (Cong et
al. 2001), as well as PKC (Krasel et al. 2001), has been shown to phosphorylate
GRK2, thereby increasing the ability of GRK2 to interact with Gy subunits
(Lodowski et al. 2003; Kozasa 2004). This enhances GRK2 membyrane recruitment
and the ability of GRK2 to phosphorylate GPCRs (Kohout and Lefkowitz 2003). In
contrast, phosphorylation of GRK2 by ERK dramatically reduces its activity as well
as its membrane association (Pitcher et al.1999). In the present study, 1 identified a
novel role for PDE4s, showing that they play a significant part in the regulation of

GRK2 in the receptor desensitisation process.

Data presented herc indicates that inactivation of PDE4 by the PDE4
selective inhibitor rolipram enhances the isoprenaline-induced PKA phosphorylation
of GRK2 (Figure 3.3 a, c) and the subsequent membrane recruitment of GRK2
(Tigure 3.6 a, left panel). It is also shown that, in response to isoprenaline, the added
prescnee of rolipram facilitates $-arrestin translocation from the cytosol to the plasma
membrane, leading to an increased rate of receptor internalization (Figure 3.11 a).
Interestingly, whilst PDE4D provides around 60% of the totul PDE4 aclivity in
HEKB2 cells, and PDE4B around 30% (Perry et al. 2002; Lynch et al. 2005), the
effect of PDE4 on the enhancement of the isoprenaline-induced PKA phosphorylation
of GRK2 and subsequent GRK2-mediated phosphorylation of ;AR seems nol
sublfamily-specific, as siRNA-mediated knockdown of either PDE4B or PDE4D
subfamilies is sullicient to facilitate the ability of isoprenaline lo cause PKA
phosphorylation of GRK2 (Figure 3.5). The lack of any selective effects in this
instance is likely to be because ¢ytosolic GRK2 is being phosphorylated by cytosolic
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PKA and thus subject to global rather than compartmentalized cAMP actions, which

both PDE4B and PDE4D are able to influence,

Following rolipram inhibition of PDE4, it is clear that isoprenaline-induced
GRK2 recruttment to the plasma membrane is more transient in nature (Figure 3.6 a),
GRK2 is a phosphoprotein and constitutively phosphorylated by ERK1/2 at its Ser670
under basal conditions (Pitcher et al. 1999), Before agonist stimulation, GRK2 is
maintained in its inactive state, Only when the agonist stimuli reaches GPCRs, will
GRK2 quickly be dephosphorylated by an un-identified phosphatase and translocate
to the plasma membrane where it phosphorylates GPCRs. The phosphorylation of
GPCRs by GRK2 is highly regulated as when it is in complex with the activated
receptor and Gy subunits, GRK2 quickly associates with ERK1/2 (Elorza et al. 2060)
and becomes phosphorylated again (Pitcher et al. 1999). This phosphorylation then
dramalically decreases its activity, as well as the allinity of binding to Gf3y subunits,
promoting its release from the plasma membrane back to the cytosol. By controlling
the phosphorylation of GRK2 by PKA, and thereby its aflinily binding towards Gy
subunit, ablation of PDE4 activity will promote the ability of isoprenaline to initiate
membrane recruitment of GRK2., However, PDE4 inhibition will also lead to
increased PKA phosphorylation of the P,AR (Figure 3.18) and the switching of its
signaling to the activation of ERK (Figure 3.15) (Baillie et al. 2003). In the present
study, when HEKB?2 cells were challenged with isoprenaline and rolipram togcther,
such increases in activated ERK in the cytosol appear to result in greater but more
transient ERK activation in the membrane fraction (Figure 3.14). 'This can be
expected to subsequently, transiently phosphorylate GRK2 (Figure 3.13). Such
actions are likely to control the transience of GRK2 membrane association. Consistent
with ERK underpinning the rcloase of GRK2 (Kohout and Lefkowitz 2003), under
conditions of isoprenaline challenge and PDE4 inhibition, I observed that, if ERK is
inhibited with UCQ126, a MEK inhibitor, then GRK2 remains membrane associated
(Figure 3.6 a).

1 also show here that PKA phosphorylation of GRK2 (Figure 3.4), GRK2

membrane recruitment (Figure 3.6 b) and GRK phosphorylation of B;AR (Figure 3.9)

can all occur in the absence of agonist in [IEKB2 cells, following inactivation of
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PDX4. This would suggest that PDE4 could prcvent inappropriate membrane
recruitment of GRK2 in unstimulated cells, Unsurprisingly, cffects caused by
rolipram alonc in these cells were not as pronounced as those seen in the added
presence of isoprenaline. Rolipram induced PKA phosphorylation of GRK2 and
consequent membrane recruitment was not confined to HEKB2 cells, but was also

obscrved in cardiac myocytes (Figure 3.16 and Figure 3,17).

Current dogma dictates that GRK2 recruitment to the membrane is agonist-
dependent. However, no one so far has reported the effects of PDE4 inhibition on
GRK2 distribution. Obscrvations described in this chapter are reminiscent of studies
into the PKC phosphorylation of GRK2 induced by phorbol esters (Krasel et al.
2001), Tt is now well established that GPCRs, such as the PB;AR, exist in an
equilibrivm betwceen active and inaclive states and that agenist binding drives this
equilibrium lowards the activate state (Milligan 2003). Thus, under basal conditions,
such equilibrium allows for the generation of a small pool of activated Gas, which is
responsible for basal adenylyl cyclase activity, together with free Gy subunits (Dupre
et al. 2004). In the cells used here, it would appear that basal adenylyl cyclase activity,
in the presence of PDE4 inhibition, is sufficient to allow global cAMP levels to reach
a magnitude whercby PKA can phosphorylate GRK2, increasing its affinity for Gfiy

subunits and facilitating recruitment of GRK2 to the membrane.

That ERK activation is not stimulated by rolipram treatment alone in HEKB2
cells (Figure 3.15, zcro time, negative result from rolipram alone time course)
indicates that agonist stimulation is cssential to allow coupling of the PKA
phosphorylated ;AR to Gi and consequential ERK. This is consistent with previous
data obtained via siRNA mediated knockdown of PIDE4D), which has been shown to
be the functionally relevant PDE in mediating the switching of B;AR to the activation
of ERK (Lynch ct al. 2003). Thus, in HEKB2 cells challenged with rolipram alone,
which do not iead to ERK activation, the recruitment of GRK2 to the membrane is

sustained (Figure 3.6 b).

As shown in the present study for the first time, PDE4 activity, in regulating

PKA phosphorylation of GRK2, may, at least in certain cells, provide a means of

102




influencing the membrane recruitment of GRK2. There are three distinet Facets to this,
First, PDE4 activity is set to rcgulate the degree of feedback in the regulating PKA
phosphorylation of GRK2 in stimulated cells, thereby influencing he rate of agonist-
triggered desensitization, Secondly, PDE4 activity may modulate the degree of
isoprenaline-stimulated ERK activation, which influences the release of GRK2 from
membranes and the reversal of desensitization. Finally, PDE4 activity ensures that,
under normal conditions, GRK2 is prevented from phosphorylation by fluctuations in
basal PKA owing to infraceliular cAMP levels, and only when agonist challenge
breaches the threshold for PKA phosphorylation of GRK2 set by PDE4, will GRK2
translocation occur. As this system is also applicable in cardiac myocytes, it would
appear (hat the potential importance of PDE4 in preventing inappropriate activation of
GRK2 in cardiac myocyles may have functional relevance to hearl failure, as both
GRK2 and PDE4D are suggested being involved in heart failure (Tachibana et al.
2005; Hurding et al. 2001; Lehnart et al. 2005).

Apart from GRK, PKA phosphorylation of 3,AR is another important route
by which B;AR desensitisation is regulated. Phosphorylated and activated (AR
switches its coupling from Gs-mediated activation of adenylyl cyclase to Gi-mediated
inactivation of adenyly!l cyclasc, therefore decreasing the rate of production of cellular
CAMP (Daaka et al. 1997). Key to gating this phosphorylation process is the
activation of anchored PDEs, such as cnzymes of PDE4 family (Baillie et al. 2003)
(Figure 3.18). Morc recently, it has been shown that [-arrestin-recruited PDE4D
controls the cAMP-mediated activation of PKA involved in a defined,
compartmentalized process focused on [B2AR (Perry ef al. 2002). This underpins the
possible existence of PKA tethering to some specific AKAPs as disruption of AKAP-
PKA complexes resulted in the attenuation of isoprenaline-induced ERK activation in
HEKB?2 cells (Lynch et al. 2005). Interestingly, the B2AR itself has been shown to be
capable of interacting with specific AKAPs, such as AKAP79 (Fraser et al. 2000).
AKAP79 is constitutively associated with B2AR in transfected cells whereus gravin
exhibits dynamic interaction with AR following PKA phosphorylation of gravin
(Lin et al. 2000; Tao et al. 2003). I show here that B2AR can interact with
endogenously expressed forms of both AKAP79 (Tigure 3.19 g, left panel) and gravin
(Figure 3.20 a, left panel) in HEKB2 cells. Consistent with previous data obtained in
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different systems, I show that the interaction of BzAR with AKAP79 is indeed
constitutive (Figure 3.19 a, right panel}, whereas that with gravin is only observed
upon isoprenaline challenge (Figure 3.20 a, right panel). Using for the first time
siRNA against these AKADLs, I show here that the ability of isoprenaline to cause the
PKA-mediated phosphorylation of the (AR, is abolished upon knockdown of
AKAP79 bui not upon knockdown of gravin (Figure 3.19 b and Figure 3.20 b}, This
indicates that the activity of a discrete pool of AKAP79-tethered PKA is responsiblc
for agonist-triggered phosphorylation of the associated P,AR. Although it is uncertain
of the role of recruited gravin, the selective siRNA-mediated knockdown of AKAP79
and gravin highlights the functional differences between the membrane bound forms
of these AKAPs in HEKB2 cells.

In contrast to the PDE4 effect on GRK phosphorylation of B2AR, which is
not subfamily specific, as indicated by non-subfamily specific PKA phosphorylation
of GRK2, PDE4 control of PKA phosphorylation of the $,AR and consequentiat
switching of its signalling from activation of adenylyl cyclase to activation of ERK
(Baillie et al. 2003) is PDE4D5-specific (Lynch et al. 2005). In order to support
siRNA data, ! used a dominant negative strategy to show thal overcxpression of
catalytically  inactive  PDE4DS  enhances  isoprenaline-stimulated  ERK
phosphorylation (Figure 3.21), consistent with previous data (Baillie et al. 2003).
Unsurprisingly, however, such an action is clearly ablated when a PDE4DS5-specific
site for intcraction with -arrestin is disrupted (Figurc 3.21). This indicates that the
unique desensitisation process provided by -arrestin-mediated delivery of PDE4DS
can be negated by disruption of this active complex. In this context, it is important to
note that the presence of AKAP79 and B-arrestin-associated PDE4 has a profound
effect on the ability of the B:AR to become phosphorylated by PKA. This affects
switching to Gi, and alters downstrteam signalling and this might be linked to heart
disease {Xiang et al. 2004).
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Figure 3.1 A schematic of GRK2 (BARK1).

GRK2 is a multi-domain protein able to interact with a variety of cellular proteins.
Such interactions allow for its different cellular functions and also contribute to
modulate its activity and subcellular targeting. The figure depicts the regions where
the regulatory phosphorylation takes place and the interactions sites with other
proteins are mapped. RGS, regulators of G protein signalling;: CaM, calcium-

calmodulin; PL, phospholipids; PH, pleckstrin homology.
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Figure 3.2 Existence of GRKs in HEKB2 cells.
HEKB2 cells were harvested when confluent in 3T3 lysis buffer. Clear lysates were
divided into five equal volumes. The five volumes were subjected to western blotting

probed for GRK2, GRK3, GRK4, GRKS5 and GRKS6, respectively.
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Figure 3.3 GRK2 is phosphorylated by PKA in HEKB2 cells.

(a) HEKB2 cells were treated with either isoprenaline (10uM) alone or isoprenaline
following a 10 min pre-incubation with rolipram (10uM) in the presence and absence
of the PKA inhibitor H89 (1uM). Cells were harvested in 3T3 lysis buffer and lysates
were subjected to immunoprecipitation with an anti-GRK2 antibody, followed by
probing with an anti-(phosphor-PKA substrate) antibody. Upper panel shows the
GRK2 that has been phosphorylated by PKA in the immunoprecipitates; lower panel
shows the equal GRK2 loading in the immunoprecipitates. (b) Quantification of three
such independent experiments (meanst S.D.) from the western blots. Data was

normalized for loading and represented as fold change basal.
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Figure 3.3 GRK2 phosphorylation by PKA in HEKB2 cells.

(¢c) HEKB2 cells were treated with either isoprenaline (10uM) alone or isoprenaline
following a 10 min pre-incubation with rolipram (10uM) in the presence and absence
of the PKA inhibitor H89 (1uM). Cells were harvested in 3T3 lysis buffer and lysates
were subjected to immunoprecipitation with an anti-(phosphor-PKA substrate)
antibody, followed by probing with an anti-GRK2 antibody. (d) Quantification of
three such independent experiments (means+ S.D.) from the western blots as shown in

(¢). Data was normalized for loading and represented as fold change basal.
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Figure 3.4 Differential PKA phosphorylation of GRK2 following PDE4 or PDE3
inhibition in HEKB2 cells.

HEKB2 cells were treated with either rolipram (10 uM) alone, rolipram and H89 (1
uM) or cilostamide (1 uM) alone for the indicated time. Cells were harvested in 3T3
lysis buffer and subjected to immunoprecipitation with an anti-(phosphor-PKA
substrate) antibody, followed by western blotting probed with anti-GRK2 antibody.
Upper panel shows the PKA phosphorylated GRK2 under single rolipram treatment;
lower left panel shows the PKA phosphorylated GRK2 under rolipram treatment
following a 10 min pre-incubation of H89; lower right panel shows the PKA

phosphorylated GRK2 under single cilostamide treatment.
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Figure 3.5 PKA phosphorylation of GRK2 in PDE4 isoform-knockdown HEKB2
cells.

HEKB2 cells were transfected with either scrambled siRNA, siRNA specific for
PDE4B, siRNA specific for PDE4D, or siRNA specific for both PDE4B and PDE4D.
After efficient transfections, cells were challenged either with isoprenaline (10 uM)
for 5 min or with isoprenaline (10 pM) for 5 min following 10 min pretreatment with
H89 (1 uM), and then harvested in 3T3 lysis buffer. Clear cell lysates were subjected
to immunoprecipitation with an anti-GRK2 antibody, and then western blotting
probed with an anti-(phosphor PKA substrate) antibody. The cell proteins in upper
panel were normalized, so were those in lower panel, but separately. C, resting
conditions; I, isoprenaline; IH, isoprenaline plus H89; si4B, siRNA specific for
PDE4B: siD, siRNA specific for PDE4D; si4B+si4D, siRNA specific for both PDE4B

and PDEA4D. Blots here are typical of separate experiments performed three times.
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Figure 3.6 Membrane translocation of GRK2 in HEKB2 cells.

(a) HEKB2 cells were challenged with isoprenaline (10 uM) at the indicated time in
either the presence or absence of ERK upstream kinase MEK inhibitor UO126 (10
uM), and either with or without rolipram (10 uM) pre-incubation for 10 min. Cells
were harvested in KHEM buffer and subjected to membrane fractionation. Membrane
(P2 fraction) proteins were normalized and blotted for GRK2 in each case. (b)
HEKB2 cells were treated with rolipram (10 uM) for the indicated times in the
absence and presence of H89 (I uM) and normalized membrane fractions were

subjected to western blotting probed with an anti-GRK2 antibody. Iso, isoprenaline;
UO126, a MEK inhibitor; Roil, rolipram; H89, a PKA inhibito
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Figure 3.7 Phosphorylation status of GRK2 in HEKB2 membrane fractions.

HEKB?2 cell were challenged with either isoprenaline (10 uM) alone or isoprenaline
after pre-incubation of rolipram (10 uM) for 10 min or isoprenaline after pre-
incubation of both rolipram (10 pM) and H89 (1 uM) together for 10 min. Cells were
then subjected to membrane fractionation, followed by protein normalization. The
membrane fractions were solubilized in 3T3 lysis buffer, and PKA-phosphorylated
proteins existing in the plasma membrane were immunopurified using an anti-
(phosphor-PKA substrate) antibody, followed by SDS-PAGE and immunoblotted for

GRK2. Iso, isoprenaline; Roli, rolipram.
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Figure 3.8 Phosphorylation of the B2AR in HEKB2 cells by GRK2.

(a) HEKB2 cells were challenged with isoprenaline (10 pM) for the indicated times
either with or without rolipram (10 uM) pre-treatment (10 min). Cells were harvested
in 3T3 lysis buffer and normalized to have the equal protein levels in each time point.
Clear lysates were subjected to SDS-PAGE and probed for either phoshorylation of
the B2AR by GRK2 on its Ser355/356 or for total BAR. (b) HEKB2 cells were
transfected with scrambled siRNA or siRNA specific for GRK2 and then challenged
with isoprenaline (10 uM) at the indicated time. Cells were harvested in 3T3 lysis
buffer and the clear lysates were probed for GRK2 and phosphorylation of B2AR by
GRK2 at Ser355/356 individually. Upper panel shows the effect of siRNA mediated
GRK2 knockdown on B,AR phosphorylation by GRK2; lower panel shows the
efficiency of siRNA mediated knockdown. Iso, isoprenaline; pp>AR, phosphorylated
B2AR.
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Figure 3.9 Rolipram induced GRK2 phosphorylation of B;AR in HEKB2 cells.

(a) HEKB2 cells were treated with rolipram (10 pM) at the indicated time and
harvested in 3T3 lysis buffer. Protein levels were normalized and clear lysates were
subjected to western blotting probed with a specific anti-phospho B>AR (Ser355/356).
The same blot was then stripped by stripping buffer and probed for total B,AR. (b)
HEKB?2 cells were transfected with scrambled siRNA as a control and with siRNA
specific for GRK2 as a test. Cells were treated with rolipram (10 uM) for the
indicated times and harvested in 3T3 lysis buffer. Normalized lysates were probed for
phosphorylation of B,AR by GRK2 and total B,AR individually. pp,AR,
phosphorylated B,AR; scr, scrambled siRNA; siGRK2, siRNA specific for GRK2.
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Figure 3.10 Phosphorylation of $2AR by GRK2 in siRNA mediated PDE4B and
PDE4D knockdown HEKB2 cells.

Control cells pretreated with scrambled siRNA and cells pretreated with specific
siRNA to PDE4B and PDE4D, were challenged with isoprenaline (10 uM) at the
indicated time. Cells were harvested and normalized to equal protein levels. Clear cell
lysates were probed for PDE4D (upper panel), PDE4B (second upper panel), B,AR
(second lower panel) and phosphorylation of PB>AR by GRK (lower panel)
individually. iso, isoprenaline; siB, siRNA to PDE4B; siD, siRNA to PDE4D:; pp,AR,
phosphorylated [3;AR.
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Figure 3.11 Membrane translocation of B-arrestins and PDE4D.

(a) HEKB2 cells were challenged with isoprenaline (10 uM) for the indicated times
either with or without 10 min rolipram pre-treatment. Cells were harvested in KHEM
buffer and subjected to membrane fractionation. Membrane (P2) fractions were
normalized and probed for B-arrestins. (b) Cells were treated as in (a) and subjected to

western blotting probed with anti-PDE4D. Iso, isoprenaline; Roli, rolipram.
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Figure 3.12 Rolipram alone induced membrane recruitment of (3-arrestins and
PDEA4D.

HEKB2 cells were treated with rolipram (10 uM) in a 0~10 min time course, in the
presence or absence of 10 min H89 (1 uM) pretreatment as indicated. Cells were then
harvested in KHEM buffer and subjected to membrane fractionation. Membrane (P2)
fractions were normalized and blotted for B-arrestin and PDE4D individually. Roli,

rolipram.
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Figure 3.13 Membrane ERK-phosphorylated GRK2 in HEKB2 cells.

HEKB2 cells were challenged with isoprenaline (10 pM) for the indicated times either
with or without, as indicated, 10 min rolipram (10 pM) pre-treatment. Cells were
harvested in KHEM buffer and subjected to membrane fractionation. Equal amount of
membrane proteins were obtained and subjected to western blotting probed for ERK

phosphor-GRK2 Ser670. Iso, isoprenaline; Roli, rolipram.
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Figure 3.14 Activation of ERK1/2 in membrane fraction of HEKB2 cells.

HEKB?2 cells were challenged with isoprenaline (10 uM) for the indicated times either
with or without, as indicated, 10 min rolipram (10 uM) pre-treatment. Cells were
harvested in KHEM buffer and subjected to membrane fractionation. Equal amount of
membrane proteins were obtained and subjected to western blotting probed for
phosphor-ERK1/2. The same blot was then stripped and probed with an anti-ERK1/2

antibody. Iso, isoprenaline; Roli, rolipram.
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Figure 3.15 ERK activation in HEKB2 cells.

HEKB2 cells were challenged with isoprenaline (10 uM) for the indicated times either
with or without, as indicated, 10 min rolipram (10 uM) pre-treatment. Cells were
harvested in 3T3 lysis buffer and subjected to western blotting probed for phosphor-
ERK1/2. The same blot was then stripped and probed for total ERK1/2. Upper panel
shows the ERK activation in each instance; lower panel shows the equal loading by

checking the level of ERK1/2.
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Figure 3.16 PKA phosphorylation of GRK2 in cardiac myocytes.

Cardiomyocytes were challenged with isoprenaline (10 uM) for the indicated times
either with or without, as indicated, 10 min rolipram (10 uM) pre-treatment, in the
presence or absence of H89 (1 uM, 10 min). Cells were harvested in 3T3 lysis buffer.
Clear, normalized cell lysates were then subjected to immunoprecipitation using an
anti-GRK2 antibody, followed by western blotting probed for phosphor-PKA
substrate. The same blot was stripped and probed for GRK2 to check the loading.
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Figure 3.17 Membrane recruitment of GRK2 in cardiac myocytes.

Cardiomyocytes were challenged with the indicated combination of isoprenaline (10
uM) and/or Roilpram (10 uM) and H89 (1 pM) for the indicated times. When
rolipram or/and H89 was added together with isoprenaline, cells were then pre-
incubated with rolipram or/and H89 for 10 min before the addition of isoprenaline for
the indicated times. Cells were harvested in KHEM buffer and subjected to membrane
fractionation. Equal amount of membrane (P2) fraction proteins were obtained and
subjected to western blotting probed for GRK2. Ctrl, control; Iso, isoprenaline: Roli,

rolipram.
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Figure 3.18 PKA phosphorylation of ;AR in HEKB2 cells.

(a) HEKB2 cells were challenged with isoprenaline (10 uM) for the indicated times
either with or without rolipram (10 uM) pre-treatment (10 min). Cells were harvested
in 3T3 lysis buffer and normalized to have the equal protein levels in each time point.
Clear lysates were subjected to SDS-PAGE and probed for PKA phosphorylation of
the B,AR at Ser345/346. The same blot was then stripped and probed with an anti-
B2AR antibody. (b) Quantification of three experiments as in (a) (means + S.D.) with
100% s the maximal effect seen with isoprenaline and rolipram. Iso, isoprenaline;
Roli, rolipram. (c) HEKB2 cells were pretreated with rolipram (10 uM), with/without
H89 (1 uM) for 10 min, and then challenged with isoprenaline (10 pM) for 10 min.
Cell clear lysates were probed for PKA phosphorylation of the B,AR at Ser345/346.

The same blot was then stripped and probed with an anti-p,AR antibody.
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Figure 3.19 AKAP79-mediated isoprenaline activation of phosphorylation of
B2AR in HEKB2 cells.

(a) HEKB2 cells were challenged with isoprenaline (10 uM) at the indicated time. In
the left-hand panel, normalized cells lysates in 3T3 lysis buffer were subjected to
immunopricipitation with a specific anti-Flag antibody, followed by western blotting
probed for AKAP79. In the right-hand panel, cells were harvested in KHEM buffer
and subjected to membrane fractionation. Normalized membrane (P2) fractions were
then probed for AKAP79. (b) HEKB2 cells were transfected with scrambled siRNA
for control or siRNA to AKAP79. Following challenged with isoprenaline (10 uM)
alone or isoprenaline (10 uM) plus Roilpram (10 pM, 10 min pretreatment) as
indicated, cells were harvested in 3T3 lysis buffer. Normalized clear cell lysates were
then probed for phosphorylation of B2AR by PKA. The same blot was stripped and
blotted with an anti-AKAP79 antibody. Lys, lysate; IP, immunoprecipitaion; scr,
scrambled siRNA; siAKAP79, siRNA to AKAP79; I, isoprenaline; R, rolipram.
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Figure 3.20 Gravin-mediated isoprenaline activation of phosphorylation of f2AR
in HEKB2 cells.

(a) HEKB2 cells were challenged with isoprenaline (10 uM) at the indicated time. In
the left-hand panel, normalized cells lysates in 3T3 lysis buffer were subjected to
immunopricipitation with a specific anti-Flag antibody, followed by western blotting
probed for gravin (AKAP250). In the right-hand panel, cells were harvested in KHEM
buffer and subjected to membrane fractionation. Normalized membrane (P2) fractions
were then probed for gravin. (b) HEKB2 cells were transfected with scrambled siRNA
for control or siRNA to gravin. Following challenged with isoprenaline (10 uM) alone
or isoprenaline (10 uM) plus Roilpram (10 uM, 10 min pretreatment) as indicated,
cells were harvested in 3T3 lysis buffer. Normalized clear cell lysates were then
probed for phosphorylation of B2AR by PKA. The same blot was stripped and blotted
with an anti-gravin antibody. Lys, lysate; IP, immunoprecipitaion; scr, scrambled

siRNA; si-gravin, siRNA to gravin; I, isoprenaline; R, rolipram.
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Figure 3.21 pB-arrestin-scaffolded PDE4DS5 is fundamental to regulate ;AR
switching.

HEK293 cells were transfected, as indicated, with an empty vector (ctr.) and with vsv-
epitope-tagged forms of either a dominant negative PDE4D5 (DN-4D5) or an Arg-34
—Ala mutant form of dominant negative PDE4DS5 (R34A DN-4D5). Then cells were
challenged with isoprenaline for a 0~10 min time course. Normalized cell lysates

were immunoblotted for pERK1/2, total ERK1/2, and the vsv-epitope tag.
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3.22 GRK2 phosphorylated ;AR trafficking in HEKB2 cells.

Cells were treated with isoprenaline alone (10 mM) or isoprenaline added together
with rolipram (10 mM) or with rolipram alone in each case for the indicated times.
Shown are merged fluorescent confocal images of fixed HEKB2 cells stably
expressing GFP-tagged B,AR (green) and stained to detect the GRK phosphorylated
form (Scr'w"Scrw') of the B2AR (red) as well as nuclei [blue; DAPI (4,6-diamidino-2-
phenylindole)]. Iso. isoprenaline; -Rol, without rolipram; +Rol, with rolipram pre-

treatment.
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Figure 3.23 PKA phosphorylated ;AR trafficking in HEKB2 cells.

Cells were treated with isoprenaline alone (10 mM) or isoprenaline added together
with rolipram (10 mM) or with rolipram alone in each case for the indicated times.
Shown are merged fluorescent confocal images of fixed HEKB2 cells stably
expressing GFP-tagged 2AR (green) and stained to detect the PKA phosphorylated
form (Ser’*’/Ser’*®) of the B>AR (red) as well as nuclei [blue; DAPI (4,6-diamidino-2-
phenylindole)]. Iso, isoprenaline; -Rol, without rolipram: +Rol, with rolipram pre-

treatment.
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Chapter 4

Analysis of Ubiquitination of PDE4DS and its functions in
HEKB2 cells
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4.1 Introduction

Ubiguitin (Ub) is a small polypeptide of 76 amino acids that can be
covalently attached to other proteins (Hatakeyama and Nakayama 2003), forming an
isopeptide bond between the activated C-terminal glycine of Ub and the g-amino
group of a lysine residue in the substrate molecule. This occurs through a threc-step
process involving Ub-activating (E1), Ub-conjugating (E2) and Ub ligase (E3)
enzymes (Pickart 2001) (Figure 4.1).

The intrinsic E3 ligase activity scrves as the rate-limiting step of Ub
modification of substrate proteins and plays a central role in determining the
specificity of Ubiquitination. B3s are classified into two groups: the HECT (homology
to E6-AP C-terminus) domain-containing E3s and the RING finger-containing E3s.
The HECT domain proteins, such as E6-AP, are characterized by their ability to form
a thioester intermediate with the activated Ub before transfer of Ub to substrates
(Pickart 2001). In contrast, the RING finger-containing E3s, such as Mdm2, do not
form a covalent bond with the activated Ub and instead catalyze ubiquitination hy

assvciation with substrates (Pickart 2001).

Three types of Ub modification can exist on the substrate lysines: mono-
ubiquitination, multi-ubiguitination and poly-ubiquitination (Figure 4.2). Mono-
ubiquitination, which is defined by the addition of a single Ub to a substtate lysine,
can scrve as a novel endocytic signal (Bicke 2001; Haglund et al. 2003), whereas
poly-ubiquitin chains, formed through one of the internal lysines within the Ub
molecule in an itcrative process, invariably acts lo target substrate proteins for
degradation by the proteasome (Pickart 2001). However, it also may serve to
modulate diversc biological processes, such as cell cycle progression, apoptosis,
antigen presentation and stress response (Weissman 2001). Multi-ubiquitination is
formed by several attachments of single Ub to multiple lysine residucs on the

substrate.
An increasing body of evidence also suggests that the fate of a substrate that

undergoes ubiquitination may depend on the type of lysine linkage (K29, K48 or K63)

involved in forming poly-ubiquitin chains (Spence et al. 2000; Weissman 2001; Koegl
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ct al. 1999}, For example, addition of ubiquitin chains using lysine 63 linkage on Ub
generally leads Lo non-proteolytic c¢vents (eg DNA repair, endocytosis), whercas

addition of Ub using position 48 signals for proteasome-mcdiated degradation.

Some shott protein motifs and domains have been shown to bind Ub or
substrate-bound Ub moieties and therefore have the potential to establish a network of
protein-protein interactions (Pickart 2000). To date, it is clear that at lcast six
conserved Ub binding modules exist (Schnell and Hicke 2003), the structures of five
of which have been determined, including the UIM (Ub interacting motif) (Hofmann
and Falquet 2001), UBA (Ub-associaled domain) (Mucller et al. 2004), UEV (Ub E2
variant domain) (Pornitios et al. 2002), NZF (npl4 zinc finger domain) (Mever et al.
2002), and CUE (coupling of Ub conjugation to ER dcgradation domain) (Ponting
2000). Each of these motifs can allow the binding of Ub in vitro, and the motifs are
invariably used in a modular fashion to add Ub binding functionality to a large variety

of multifunctional proteins in vivo.

The initial identification of the UIM originated from studies of the S5a
subunit of the 198 regulator in the human 268 proteasome (Deveraux et al. 1994) and
a more general UIM has been defincd as a 20 residue sequence corresponding to the
consensus:  X-Ac-Ac-Ac-Ac-®-X-X-Ala-X-X-X-Ser-X-X-Ac-X-X-X-X, where @®
represents a large hydrophobic residue (typically Teu), Ac represents an acidic residue
(Glu, Asp), and X represents residues that are less well conserved (Ilofmann 2001).
UIM occurs in a wide range of proteins, many of which are endocytic proteins that
function in the pathway of endocylosis and vacuolar protcin sorting (Hofmann 2001).
Recently, a number of studies have suggested that UIMs can direct protein
ubiquitination in substrates such as Eps13, Vps27p and Hrs (Miller ct al. 2004; Polo et
al. 2002; Klapisz et al. 2002; Oldham et al. 2002).

The prevalence of the UIM and its tmportance in a number of biological
processes (Hofmann and Falquet 2001} has initiated the studies described here and in
particular my observation by sequence anaylysis of the presence of a pulative UIM
motif'in PDE4D.
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The aims of this chapter are to identily a UIM motif in the C-terminal
domain of the PDE4D3 isoform and show if it can act as an important modulator for
the ubiquitination of this isoform. 1 show here that this motil acls as a ubiquitination
signal for combined mono-ubiquitination and poly-ubiquitination. Although it is
difficult to dissect the functional outcomes of these two ubiquitination types, I have
shown here that the ubiguitinaion of PDI4D3 is important in modulating its binding

to the signalling scaffold protein, [3-arrestin,

Recent studies have revealed that J-arrestin serves as an adaptor to bring
unknown E3-ligases fo proximity of B2ARs, leading to receptors ubiquitination
(Shenoy et al, 2001). This finding, completc with the strong link between PDE4DS
and P-arrestin (Bolger et al. 2003) have prompted me to investigate the extent of the
[-arrestin involvement in the ubiquitination of PDE4D3. Following the previous
observations, 1 also show that f-arrestin is crucial for ubiquitination of PDE4D5 by

acting as an adaptor for the Mdm?2 E3 ligase.

4.2 Results

4.2.1 Isoprenaline-stimulated ubiquitination of PDE4DS in HEKB2 cells

Sequence analysis of PDE4DS5 reveals a short motif with high homology to a
UIM (slight dillerence in the UIM position 9) at its C-terminal region (Figure 4.3).
Indeed, this motif is conscrved in all PDE4D subfamily members, but not in other
PDE4 subfamilies. As UIM domains have been reported to be required for mono-
ubiquitination of some proteins (Miller ¢t al. 2004; Pole et al. 2002; Klapisz ct al.
2002; Oldham et al. 2002), I set out to determine whether the putative UIM moatif
present in PDE4D35 modulates its own ubiguitination. To evaluate the possible Ub
modification of PDE4DS, T first investigated whether VSV epitope-tagged PDE4DS5
could undergo isoprenaline-induced ubiquitination in HEKB2 cells. Human VSV-
tagged PDE4DS was transiently transfected into HEKBZ2 cells. After 48hr, HEKB2
cells were stimulated with the P-adrenergic agonist isoprenaline for the indicated
times and VSV-PDE4D5 was isolated by immunoprecipitation with VSV-agarose
(Figure 4.4). The ubiquitinated VSV-PDE4DS5 was detected by western blotting the IP
samples using a specific Ub antibody, while VSV-PDE4DS was detected with an anti-

VSV antibody. As shown in Figure 4.4 a, a distinctive smear band, which is typical of
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ubiquitinated proteins (Christianson and Green 2004; Mimnaugh and Neckers 20035),
was observed in the anti-Ub immunoblot at JO min agonist challenge. Such
ubiquitination of PDE4DS appeared to be due to either different-length ubiguitin
chains attached to a single lysinc site of PDE4DS, several differeni length
polyubiquitin chains conjugated lo multiple lysine residues within the protein, or the

combination of both types of ubiquitin modification.

These data show that human VSV-PDE4DS5 undergoes at least poly-
ubiquitination in HEKB2 cells upon isoprenaline stimulation for 10 min. In order to
exclude the artifacts that might result from the overexpression of VSV-PDE4DS, |
also examined thc endogenous PDE4DS ubiquitination status upon [ agonist
challenge in HEKB2 cells. Here [ showed that endogenous PDE4DS in HEKB2 cclls
displayed an ubiquitination pattern similar to VSV-PDE4DS as shown by the presence
of smear band detected on the anti-ubiquitin immunoblot (Figure 4.4 c). This resuit
suggests that the ubiquitination of VSV-PDE4DS was not influenced by the prescnce

of the VSV tag.

4.2.2 UIM of PDE4DS is eritical for ubiguitination

The PDE4 family is composed of 4 different genes, PDE4A, PDE4B, PDE4C,
and PDE4D, which generate different isoforms duc to the distinct translation starting
sites and spliced variants (Houslay and Adams 2003). Each isoform is characterized a
unique N-terminal region and the C-terminal region of each isoform is conserved
within the same subfamily gene (Houslay and Adams 2003). Sequence analysis of
PDI4D gene shows the presence of the UIM domain in their C-terminus (Figure 4.3),
indicating that the various isoforms produced by of this gene might undergo
ubiquitination. In contrast, no putative UIM was observed in the cognate region of the
PDE4A, PDEAB and PDE4C genes (Fig 4.3). Thus, in order to assess whether PDE4A,
PDE4B and PDEAC display a ubiquitination pattern, I studied the ubiquitination of
transiently transfected VSV-tagged human PDE4A, VSV-tagged human PDE4B and
VS8V-tagged humun PDE4C isoforms in HEKB2 cells. Here [ showed that stimulation
of HEKB2 cells with isoprenaline did not trigger ubiquitination of cither PDE4AS,
PDE4B1, PDE4B3, PDE4B4 or PDE4C1 (Figure 4.5). Interestingly, isoprenaline
stimulation of ITEKB2 cells also failed to induce ubiquitination of VSV-PDE4D3
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(Figare 4.6 b). Looking into ihe PDE4D3 sequence, it contains the same UIM
sequence as PDE4DS (Figure 4.6 a), Thercfore, molecular determinants other than
UIM itself must contribute to decide upon ubiquitination, to allow for this isoform

specificity within the PDE4D sub-family.

Fisher et al. (2003) havc suggested that the conserved N-proximal acid patch
within UIM scems to be most important in contributing Ub binding (Fisher et al.
2003). To determine if the acid patch 723EEE is involved in PDE4D35 ubiquitination, [
created a triple point mutation at amine acids 723, 724 and 725 (723E) in the VSV-
tageged PDE4D3 construct (Figure 4.7 a) and studied its ubiquitination using the in
vivo ubiquitination assay. Here I showed that the mutation of this region in the UIM
(723EEE—AAA) abrogated the ability of PDE4DS to be ubiguitinated in HEKB2
cells upon challenge with isoprenaline (Figure 4.7 b). This indicates that PDE4DS has
a tunctional UIM and that the three glutamates at the N-terminal end of this UIM are

critical for iis functioning.

4,2.3 Vasopressin-stimulated ubiquitination of PDE4DS in HEKV2 cells

GPCRs are categorized into Class A and Class B, based on their binding
kinetics with B-arresting (Oakley et al. 2000). The B:AR and V)R, respectively, act as
prototypes for these lwo groups of GPCRs. To cvaluate the different effects of two
GPCR types on the PDE4D5 ubiquitination, 1 used HEKV2 cells stably
overexpressing vasopressin Vs receptor to perform the in vivo ubiquitination assay. [
transiently transfected HEKV2Z cells with VSV-tagged PDE4DS5 and stimulated them
with vasopressin for different times. The VSV-PDE4DS was isolated on the VSV-
agarose and immunoblotted with a specific ubiquitin antibody as before. Strikingly,
unlike the highly transient ubiquitination of 4D3 in HEKB2 cells, VSV-PDE4DS5
underwent ubiquitination over a much longer time course in the HEK V- cells (Figure
4.8, left upper panel). This phenomenon is reminiscent of the ubiquitination of Class
B receptors e.g. V3R (Martin et al. 2003) and B-arrestin in HEK'V2 cells (Shenoy et al.
2001).

The same membrane was stripped and immunoblotted with VSV to confirm
the cqual pull-downed VSV-PDE4DS (Figure 4.8, left lower panel). As was the case
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in HEKB2 cclis after isoprenaline treatment, the VSV-PDE4DS 723 mutant ablated
PDE4DSs ability to be ubiquitinated upon vasopressin challenge in HEKV2 cells
(Figure 4.8, middle panel). Control experiments werc done in non-transfected V2 cells
and no ubiquitination signal was detected in the VSV-immunoprecipitated samples

(Figure 4.8, right panel).

4.2.4 Requirement of B-arrestin binding for PDE4DS5 ubiquitination

Previous studies have shown that [-arrestin? is neccssary for AR
ubiguitination (Shenoy et al. 2001). In HEKB2 cells, it is also known that Barrestin
preferentially binds to PDE4D under basal conditions and recruits PDE4D (o the
plasma membrane upon isoprenaline challenge (Petry et al. 2002). To test whether the
association between PDE4DS and B-arrestin is required for PDI34DS5 ubiquitinaticn, [
compared the ubiquitination of wild type VSV-PDE4DS with that of P-arrestin
binding defective VSV-PDE4DS5, in which a crifical B-arrestin site was mutated to
alanine (VSV-PDE4DS E27A). In HEKB2 cells, isoprenaline treatment led to
ubiquitination of wild type VSV-PDE4DS but not the mutant VSV-PDE4DS E27A
(Figure 4.9 a, b).

As PDEA4DS is known to exist in a complex with the multi-function scatlold
protcin B-arrestin and it is know that Parrestin itself is modified by ubiquitin after j3-
adrenergic stimulation challenge (Shenoy et al. 2001), it is important to exclude the
possibility that the detected ubiquitination in immunopurified PDE4DS samples is in
fact that of associated B-arrestin and not PDE4DS per se. To this end, I performed the
in vivo ubiqguitination assay for [B-arrestin. HEKB?2 cells trunsfected with wild type
VSV-PDE4DS were stimulated with isoprenaline for different times. The endogenous
B-arrestin was isolated on Protein G beads using a specific B-arrestin antibody and the
IPs subjected to Western blotting with an antibody specifically against Ub. The
ubiquitinated B-arrestin was detected as a smeared band on the Western blot at 15 min
after isoprenaline challenge, consistent with the previous finding (Shenoy et al. 2001).
Interestingly, B-arrestin ubiquitination occurred 5 min later than did the ubiquitination
of VSV-PDE4DS (Figure 4.9 ¢). Thus supports the notion that the ubiquitination ol

PDE4DS and B-arrestin are indeed two scparale processes,
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4.2.5 Interaction of the E3 Ub ligase Mdm2 with PDE4DS

The finding thal B-arrestin binding is required for PDE4DS ubiquitination
suggests that B-arrestin might serve as an adaptor protein that bridges PDE4DS to the
ubiquitination machinery. It has bcen shown that B-arrestin links RING finger F3
ligasc Mdm2 to the B2AR and initiates its ubiquitination. It is likely, therefore, that
PDE4DS5 is ubiquitinated in a similar manner. Work in this chapler has already shown
that ablation of the ability of PDE4D5 to bind B-arrestin leads to its loss of
ubiquitination (Figure 4.9 b), Here, I set oul to examine if this observation came from
a diminished/abolished association between PDE4DS und Mdm?2.

To assess the PDE4DS-Mdm?2 association in HEKB2 cells, I transiently
transfected HEKB2 cells with VSV-tagged wild type PDE4D5, a mutant PDE4DS that
docs not bind to B-arrestin (PDE4DS E27A), a mutant PDE4DS5 that does not bind to
RACK1 (PDE4DS 129/30A) and a UIM mutant (PDE4DS5 723E). 1 then evaluated
their interactions with Mdm?2 by immunoprecipitation and immunoblotting. Mdm2
associated more with VSV-PDE4DS 129/30A and wild type VSV-PDE4DS5, but less
with VSV-PDE4D5 723E and least with VSV-PDE4DS E27A (Figure 4.10 a).
Recently, it was discovered that B-arrcstin and RACKI mutually interact with
PDE4D35 (Bolger et al. 2006). This finding may explain the fact that Mdm2 associatcs
morc with PDE4D3 L29/30A as it has been shown to bind a larger pool of Barrestin
than wild type PDE4DS. 1 also performed a reverse IP whereby the four different
types of VSV-tagged PDE4D35 were isolated on the VSV-agarose and their association
with Mdm2 was analyzed by immunoblotting the 1P samples with a specific Mdm?2
antibody. These results again showed that ablation of the interaction betwceen PDE4DS
with B-arrestin (PDE4D5 E27A) severely attenuated the association between PDE4DS
and Mdm2 (Figure 4.10 b), confirming that PDE4DS-bound Parrestin is responsible
for placing Ub E3 ligase Mdm2 in close proximity to PDE4DS5, therefore mediating
its ubiquitination (Figure 4.9).

4.2,6 The ubiquitination signals of VSV-PDE4D5 are composed of mono-
ubiquitination and poly-ubiquitination
In vivo, three types of poly-ubiquitin chains can be formed by different types

of linkages within Ub: namely K29, K48, and K63, These arc found on a number of
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ubiquitin-modified subsirate proteins (Pickart 2001). Since each chain type may
assume a different conformation (Varadan et al. 2002}, it has been suggested that
different types of ubiquitin conjugates have the potential to decide substrate proteins’
fate. To test the type of poly-ubiquitin chain attached to VSV-PDE4DS (Tigure 4.4),
and therefore better understand the functional outcome of PDE4DS ubiquitin
modification, three HA-tagged Ub mutants, K48R (lacking any K48-polyubiquitin
chain), K63R (lacking any K63-polyubiquitin chain) or the triple mutant K29, K48,
K63R (absence of the major polyubiquitin chains) were used. Mutants and HA-tagged
wild type Ub were transiently co-transfected with VSV-PDE4DS5 into HEKB2 cells
and assayed for isoprenaline-stimulated ubiquitination. As shown in Figurc 4.11, both
wild type HA-Ub and HA-UbK63R displayed ubiguitination. However, the ability of
PDEA4DS to be poly-ubiguitinated was severely attenuated when K48 was mutated to
R, whereas little polyubiquitination signal on PDE4D5 immunoprecipitates was
detected (Figure 4.11). In addition, when K29, K48 and K63 of HA-Ub wcre all
mutated to arginine (R), the polyubiquitin chains on VSV-PDE4DS5 were completely
inhibited (Figure 4.11). Collectively, thesc findings indicated that the polyubiquitin
chains on PDFE4DS5 upon isoprenaline stimulation were composed of K29-linked
polyubiquitin chains, K48-linked polyubiquitin chains and K63-linked polyubiquitin
chains, and that K48-linked polyubiquitin chains predominated. Notably, a distinct
HA band separate from the high molecular weight smear was detected as the same
molceular weight as VSV-PDE4DS5, indicalive of mono-ubiquitinated form of
PDE4D3, Thus, prevention of the ubiquitin chain formation does not influence the

single ubiguitin modification on PDE4DS (Figure 4.11).

4.2.7 Isopremaline stimulutes the association of VSV-PDE4DS5 with proteasome
198 regulatory subunits 1981, 1982 and 19S5a in a time-dependent manner

I have suggested above that PDE4DS undcrgoes K48-linked
polyubiquitination upon isoprenaline stimulation in HEKB?2 cells. As it is well-known
that proteins which possess K48-Ub chains target proteins to the proteasome (Pickart
2001), and some 198 regulatory subunits of 26 proteasome serve to recognize the
multi-ubiquitin chains (Glickman 2000), T set out to examine whether ubiqyuitinated
PDE4DS5 associates with 198 subunits. To determine whother PDE4D35 can interact
with 19S subumits, I expressed VSV-tagged wild type PDE4DS in ITEKB2 cells and

stimulated the cells with isoprenaline for different times. Both cell lysates and the
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isolated VSV-PDE4D3 on VSV-agarose from thesc lysates were separated by SDS-
PAGE and Western bloited with a specific antibody raised against one of a variety of
198 subunits, Time-dependent increases in the association of PDE4DS5 with 1982 and
19854 were observed, however, no interactions were detected between PDE4DS and
1981, 19586 or 19812 (Figure 4.12). To furlher confirm that this association is
ubiquilin dependant, I sought to determine whether PDE4DS ubtquitination mutant
(PDE4D5 723E) would lose its ability o interact with 198 subunits. To this end the
experiment was repcaied after transient transfection of VSV-PDE4DS 723E into
HEKB?2 cells. As shown in Figure, stimulation of HEKB2 cells with isoprenaline did
not have any cffect on PDE4DS5 723E association with 19S subunits (Figure 4.13).
These results clearly indicate that polyubiquitin chains on PDE4DS orchesirated by its
UIM indeed serve to target PDE4DS to the 198 rcgulatory subunits,

4.2.8 Isoprenalinc promotes PDE4DS interaction with B-arrestin in HEKB2 cells
via a ubiquitination-dependent process

To explore the biological function of PDE4DS ubiquitination, [ ¢examined the
effect of ubiquitin addition on the interaction of PDE4DS with B-arrestin. It is well
known that their association and subsequent translocation to the plasma membrane are
crucial in the regulation of $,AR desensitization (Perry et al. 2003; Lynch et al. 2003).
Work described carlier in this chapter shows that the ubiquitination of PDE4DS
reached a peak at 10 min post isoprenalinc challenge. Therefore, a broader time
window would be beneficial to examine the effect of ubiquitination on PDE4D35
interaction with B-arrestin. Wild type VSV-PDE4DS or mutant VSV-PDE4DS 723E
was singly transfected intoe HEKB2 cells, and alter 48hr, isoprenalinc was
administrated for different {(imes. Endogenous P-arrestin was isolated by
immunoprecipilation and the B-arrestin-bound VSV-PDE4DS or VSV-PDE4DS5 723
was detected by Western blotting using an anti-VSV antibody. Clearly, under basal
conditions, B-arrestin binds more to wild type PDE4DS than to mutant PDE4DS5 7238
and the association between wild type PDE4DS5 and B-arrcstin (but not 4135 723E)
was noticeably enhanced up to 10 min isoprenaline treatment after which it started to
decrease (Figure 4.14 a, b). Interestingly, the kinetics of this interaction between
PDE4D3 and P-arrestin bore a striking rcsemblance to the kinetics of PDE4DS
ubiquilination (Figure 4.14 c, d, e). This suggests that the direct effect of Ub
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modification of PDE4DS is to strongly increase its binding to [3-arrestin and therefore
increase the amount of PDE4DS which translocates to activated receptors with [3-

arrestin. This may have important consequences for the kinetics of rcceptor

desensilization.

4.2.9 In vitro unbiquitination assay on peptide array of PDE4DS identifies two
regions wherc the ubiquitin acceptors reside

To date, it has proved impossible to accurately predict the sites of Ub on
proteins as no clear consensus has been reported, Indeed, in many cases, a variety of
lysines within locations having different sequences of substrate proteins are capable of
functioning as Ub accepior sites (King et al. 1996; Hou et al. 1994; Crook ¢l al. 1996).
Therefore, mutation of single lysine or a combination of several lysines to determine
the actual lysine site (hat is ubiquitinated in PDE4DS requires much cffort. In the hope
of circumvent this practical difficulty, I used a novel methodology by performing in
vitro ubiquitination assays on peptide arrays that covered the entire PDE4D3 sequence.
‘The peptide arrays consist of overlapping peptides (25 mers), sequentially shifted by 5
amino acids to include the complete PDE4DS sequence, which were then spotted on
nitroccllulose. The prevalent application of this peptide array analysis will be
extensively explored in Chapter 6. In vitro ubiquitination of the full-length PDE4DS
array was achieved using a commercial kit and purified GS'T-Mdm?2 was a kind gift
from Professor Ron Hay at Dundee University, The membrane was then probed with
an antibody against Ub. Positive Ub signals were noted as dark spots and negative Ub
signals were observed as clear arcas. Iigure 4.15 shows that two separate regions of
PDE4DS provide the lysines as Ub acceptors: one area spans the amino acid sequence
of peptide 10, 11, 12 and 13 (amino acids 46-85), another is spanning the sequence of
peptide 28, 29 and 30 (amino acids 136-170) (Figure 4.15).

Scanning alanine mutagenesis in (wo-hybrid and pull-down assay is a
commonly used analylical method to aid identification of motifs that define sites of
interaction between proteins, Scamming alanine mutagenesis is combined with peptide
atray technology to further identify lysines involved in Region 1. Instead of the full-
length sequence of PDE4DS, a family of peptides derived from a 25-mer parent

peptide 10 whose sequence rcflected amino acids 46-70 of PDE4DS wote used. These
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peptides cach had a single substitution of successive amino acids to alanine in the
sequence to form the scanning peptide atray. The in vitro ubiquitination assay on
peptide 10 alanine scan array did not show any reduction of the ubiquitin signal
(Figure 4.10), suggesting that single mutation of a lysine in this sequence of peptide
10 was not enough to ablate the modification, Other lysines within the same sequence
may compensate for a single alanine substitution. In the case of peptide 10, two
lysines are present (Figure 4.15 b). Control studies were performed with peptide 3 and

5 alanine scan arrays (Figure 4.16) and no ubiquitination was observed.

4.3 Discussion

In this chapter, it has been demonstrated that the ubiquitin-interacting motif
(UIM) present on PDE4DS confers its ability to undergo ubiquitination, by K48-
linked and K63-linked polyubiquitin chains. Post-translational modification oflen
serves to modulate the functions of substrate proteins (Jenson 2004), Here I show that
ubiquitinated PDE4DS5 displays an enhanced association with certain proteasome 19
regulatory subunits (Figure 4.12), as well as increased binding to (-arrestin (IFigure
4.14). Changes in the proportion of B-arrestin-bound PDE4DS5 can lead to a higher
percentage of cAMP-deprading PDE4DS5 recruited to the plasma membrane upon
isoprenaline challenge in HEKB2 cells (Perry et al. 2002). The data presented here
suggests that ubiquitination of this cAMP phosphodiesterase isoform may be required
for efficient receptor desensitization as the modification would not only promote
localized cAMP hydrolysis (down regulating further the PKA phosphorylation of the
2AR) but also initiate the degradation of PDE4DS5 after it has performed its essential
function, Both of these actions would serve to reset the receptor for another round of

agonist challenge.

The four PDE4 genes generate over 20 difterent isoforms, cach of which is
unique in their N-termminal region. In addition, the C-terminal regions from each of the
four subfamilics are distinct, the role of which is still ill-understood (Houslay 2005). 1,
for the first time, show that onc of the functions of these distinct extreme C-terminal
of PDE4 isoforms is to direct their own ubiquitination via the UIM. PDE4AS,
PDE4R1, PDE4B3 and PDE4B4 do not contain a UIM in their extreme C-terminus

unfike PDE4DS, which might explain the differences observed in agonist mediated
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ubiquitination of these species (Figure 4.5). Interestingly, although the UIM is present
in PDE4D3, another long isoform of PDE4D gene subtamily, it does not confer the
ability of PDE4D3 to be ubiquitinated in HEKB2 cells upon B2AR activation (Figure
4.6 b). This observation can be explained as such: there are molecular determinants,
other than UTM, that are required for the ubiquitination of PDE4D3. One may argue
that the lack of ubiquitination on the isoform PDE4AS5, PDFE4B1, PDE4B4 und
PDE4D3 are due to the ‘wrong’ stimuli. Although [ did not screen for other conditions
of stimuli to test the possibilities of their ubiquitination, I preclude the possible
artificial functional importunce of UIM in PDE4DS5 ubiquitination by mutating highly
conserved acidic acids (glutamates) (723E), which completely abolished the

ubiquitination of PDE4135 (Figure 4.7 b).

It has been suggested that, in vive, most UIMs tested biochemically display a
preference binding to polyubiquitin chains, with respect to monoubiquitin (Polo et al.
2002). However, to date, in the case of UlM-dependent substrate protein self-
ubiquitination, it exclusively appcars to be monoubiguitin modification (Polo et al,
2002; Hofmann and Falquet 2001). My finding that PDE4D5 undergoes a UIM-
dependent polyubiquitination therefore suggests a UlM-directed versatile Ub
modification exists. This is consistent with Miller et al.’s finding (Miller et al. 2004)
that the presence of an UIM does not exclusively promote monoubiquitination, but

rather a mixture of mono-, multi- and polyubiquitination.

Two classes of GPCRs have been identified with respect to their distinet
kinetics of Barrestin binding. The B,AR belongs to Class A recepfors, which bind -
arrcstin transiently during cndocytosis and have a slightly higher affinity for the {3-
arrestin2 isoform (Oakley et al, 2000). However, the V2R, which is classified as Class
B receptor, is able to bind Barrestin more stably and shows cqual affinity for -
arrestinl and B-arrestin2. I have examined the ubiquitination status of PDE4DS in
these two receptor systems and found strikingly different kinetics of deubiquitination
of PDE4D35 with respect to the two classes of receptors. Stimulation of the f2AR leads
to fransient PDE4DS ubiquitination (Figure 4.4), whereas when V3R is stimulated,
PDE4DS remains stably ubiquitinated (Figure 4.8), Interestingly, previous studies

have shown that B-arrestin also exhibits similar kinetics of deubiquitination in these
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two model receptor systems (Shenoy and Lefkowitz 2003). As PDE4DS is known to
preferentially bind to B-arrestin compared to other PDE4 isoforms (Belger ¢t al. 2003),
this coincidence of the same pattern of ubiguitination in PDE4DS and B-arvestin in the
two receptor systems reflects the presence of an important factor that bridges these

two proteins’ namely ubiquitin modification.

1 have shown that B-arrestin binding to PDE4DS is required for PDE4DS
ubiquitination (Figure 4.9}, This suggests that B-arrestin may scrve as an adaptor that
links PRE4DS3 to the ubiguitination machinery. It has been known that the oncoprotein
Mdm?Z, a negative regulator of p53, interacts with f-arrestin at endogenous level of
the two proteins (Shenoy et al. 2001). Mdm?2 contains a RING (really interesting new
gene) domain at its C-terminus and catalyses the ubiquitination of B-amrestin, PDE4D3
ubiquitination, which in itself requires P-arrestin, is mediated by Mdm?2 that is
brought by the adaptor protein B-arrestin in close proximity to PDE4DS5.The similar
crucial role of B-arrestin in acting as adaptor for the Mdm2 E3 ligause has been
underlined in the case of ubiquitination of Insuline-like Growth Factor-1 Receptor
(IGF-1R) (Girnita et al. 2005). In addition, although the E3-ligase for ubiquitination
of P2AR is still unknown, [-arrestin is known to be required as an adaptor to bring

E3-ligases to close proximity (Shenoy et al. 2001).

My findings indicate that Mdm?2 only forms a complex with [-arrestin-bound
PDL4DS (Figure 4.10), and this may explain the loss of detection of PDE4DS
ubiquitination on PDE4DS mutants that cannot bind to §-arrestin (Figure 4.9 b). More
convincingly, 4D5 ubiquitination was atlenuated when endogenous Mdm2 was
knocked down using siRNA (data not shown). Interestingly, mutation of PDE4DS
UIM resulted in both a decreased association between PDE4DS 723E and Mdm2
(Figure 4,10) and an ablation of ubiquitinated PDE4DS (Figure 4.7 b). This might
suggest that in the case of PDE4DS, Mdm2 excrls its substrate specificity on the
recognition code — UTM domain, In other words, Mdm2 might recognize the UIM on
PDE4D5 and recruit the E2-conjugated Ub to the substrate protein, PDE4DS,
therefore mediating its ubiquitination. If this is true, overexpression of another UIM-

containing protein may lead to a decrease in PDE4DS ubiquitination,
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Ub has 7 lysine residues and at least five of them (K6, K11, K29, K48, and
K63) can function as a linkage for polyubiquitin chaing (Passmore and Barford 2004),
It is now well accepted that different types of ubiquitin linkages have the potential to
decide the modified proteins’ fale (Weissman 2001). PDE4D3 has been shown to be
conjugated with Ub-chains (Figure 4.7 b), therefore it is of importance to dissect
which type of linkage mediates this modification us this may provide evidence as to
the function of such an event. Although Ub contains seven lysine residues, they are
not used with the same frequency in polyubiguitin chain assembly. The predominant
linkages observed are Lys48-Gly76 (Chau et al. 1989), Lys29-Gly76 (Mastrandrea et
al. 1999), and Lys63-Gly76 (Scibenhener et al. 2004), of which K48-linked chains
appear to be the most frequently used signal, Mutation of K48 (so that K48-linked Ub
chain can not occur) nearly abolished the detection of PDE4DS ubiquitination to a
similar degree as the triple K mutant (29, 48, 63R), suggesting that K48-linked
chain is predominantly present on PDE4D5 when PDE4DS is ubiquitinated. Further
study of K63-linked chain shows that blocking the formation ot K63-linked ubiquitins
also contributes to the ubiquitination signals of PDII4D5, as mutation of K63 to
arginine also somewhat reduces PDFE4DS5 polyubiquitination (Figure 4.11). As the
other lysine mutant ubiquitins were unavailable T did not study the possibility of their
presence on PDE4DS. However, at least in the case of PDE4DS, K29, K48 and K63
are most important in forming the polyubiquitin chains as mutating of all these lysines

totally ablated the detection of PDE4DS polyubiquitination (Figure 4.11).

The canonical Ub signal, a K48-linked polyubiquitin chain, is known to
target subsirate proteins to the 268 proteasome degradation pathway (Layfield et al.
2003). The 26S proteasome comprises two main particles: the 208 core proteasome
and 198 regulatory complex (Figurc 4.17). The 19S regulatory particle confers
substrate specificities (Glickman 2000) via the UIM-containing subunit 19S5a (also
known as Rpn10) and recently, another subunit Rpt3 is suggested to have a role in
rceognizing polyubiquitinated proteins (Lam et al. 2002). The 18 subunits of each 198
cap can be grouped into the Lid und the Base (Figurc 4.17), which are tethered by the
two largest subunit S1/Rpn2 and S2/Rpnl (Voges et al. 1999},

Due to the limited availability of commercial antibodies against 193 subunits,

I picked onc subunit from the Base (1986), two from the Lid (19512 and 19552} and
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the two joint subunits (1951 and 1952) to study the interactions with PDE4DS5 under
conditions where PDE4DS5 is ubiquitinated. Compared to the PDE4DS Ub mutant
723E, wild type PDE4D35 associates with 19S1, 1982 and 19S5a in a time-dependent
manner (Figure 4.12 a, b, e). This suggests that ubiquitinated PDE4DS are targeted to
the 26S proteasome for degradation by these specitic 198 subunits. It is well known
that 19Sa recognizes polyubiquitin chains through its prototype UIM domains UIMI
(LALAL) and UIM2 (IAYAM) (Pickart 2000). Interestingly, the two proteins of the
198 regulatory complex, 1981 and 1982, have also been shown to contain a number
of repeated sequences thal resemble the LALAL or IAYAM found within the UIM1
and UIM2 regions of 19S5a (Young el al. 1998). Recently Rpnl is indicated to
recognize Ub-like protcins (Elsasser et al. 2002). The findings presented here, provide
an independent experimental support that in addition to 19S5a, 19S2 can also
recognize the ubiquitinated proteins in vivo and potentially target these proteins for

268 proteasome degradation,

Ub modifications have also been suggested to signal nonproteoytic,
reversibie events, such as changes in protein activity, subcellular localization or
protein-protein interactions (Schnell. and Hicke 2003), 1t is clear from the data
outlined above, that ubiquitination of PDE4DS5 changes its ability to bind to [3-arrestin
(Figure 4.14), Recently, it has been shown that B-arrestin forms a complex with PDE4
enzymes, thereby providing a means of delivering a cAMP-degrading enzyme to the
plasma membrane in an agonist-dependent fashion (Perry et al 2002). My findings
suggest that ubiquitination of the PDE may be essential to promote efficient complex
formation and translocation (Figure 4.14 a). It is apparent that in response to
isoprenaline in HEKI32 cells, the ability of wild type PDE4DS to bind f-arrestin
increases within 10 min, followed by a slight decrease afterwards. The kinetics of the
PDE4DS5 binding to B-arrestin coincidently match that of the Ub modification of
PDE4D5 (Figure 4.14 ¢).Indeed, the ubiquitination and deubiquitination of PDE4DS
may synchronize the kinetics of binding and release between PDE4DS and [3-arrestin.
[n addition, ablation of the ability of PDE4DS5 ubiquitination by mutaling the UIM
region of PDE4DS strongly diminished the time-dependent association of PDE4DS
with P-arrestin (Figure 4.14 ¢).
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Compared to the relatively conserved phosphate acceptor site within
substrates of kinases which direct binding and phosphorylation, no such consensus
motif exists for ubiquitination, In many cases, any lysine within the substrate protein
is capable to accept Ub (King et al. 1996; Hou et al. 1994; Crook et al. 1996).
Recently, however, many groups have uncovered a higher chance of a number of
specific positioned lysines that are ubiquitinated in the substrate proteins. These
include: (1) lysines located within or adjacent to PEST sequence (Roth and Davis
2000; Marchal et al. 2000); (2) two adjacent lysinc residues positioned 10 and 9
residues upstream of SCFPTF B3 substrates of the DSG(XX)2-S destruction motif
(Kumar et al. 2004); (3) one or more of the lysines present in the region between two
UIMs in the same substrate protein; (4) the lysines located at least 22 residues N-
terminal to the UIM in an orientation-dependent manner (Miller et al. 2004). In order
to make identification of acceptor lysine residues in PLIE4DS simple, 1 took advantage
of the newly developed peptide array technology, (discussed in more detail in Chapter
6), to perform in vitro ubiquitination assays. Bach spot on the peptide array of
PDE4DS5 represents a specific sequence of PDE4D3, presumably having some
measure of secondary stracture, therefore, given the full ubiquitination machinery and
appropriate incubation temperature, Ub may be conjugated to the right lysine residues
as it does in vivo. Immunoblotiing the post-in vitro ubiquitinated peptide array with a
specific Ub antibody identified two separate regions where the Ub-modified lysine
residues were located. Suprisingly, Regionl (peptidel0-13) is part of the Parrestin
binding site of PDE4D5 (but not RACK1) (Figure 4.15 a; Figure 6.5). This suggests
that the ubiquitination of PDE4DS5 and the association between PDE4DS and B-
arrestin are intrinsically related. In order to ascertain the exact lysine residues that are
ubiquitinated, I used peptidel O-derived alanine scanning array that was subjected to in
vitre ubiquitination. Since two lysine residues are present in the same peptide
(peptidel0), substitution of either of them did not abolish the ubiquitination signals,
indicating that both of the lysines are indeed ubiquitinated (Figure 4.16 b). Further
experiments need to he done on peptidc 13-derived alaninc scanning array to

determine if the lysine within this scquence can also be ubiquitinated.

The second region of the positive ubiquitination sites on PDE4D5 extends

from D136 through to R170 (Figure 4.16), where only one lysine resides. Therelore I
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would propose investigating the peptide28-derived alanine scanning array under the in
vitro ubiquitination conditions. Unexpectedly, this lysine (K140) is 14 residues C-
terminal to the PDE4D5 PKA phosphorylation site, giving rise to a speculation that
PXA phosphorylation of PDE4DS on 8126 might feed into the signal of its
ubiquitination (Mackenzie et al. 2002). To evaluate this hypothesis, [urther
experiments necd to be done on PDE4DS using mutants that either abolish or mimics
phosphorylation of PDR4DS by PKA and compare their ability to be ubiquitinated.
Unfortunately, alanine scans of peptides D136 were unavailable during my time of

study.
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Figure 4.1 The ubiquitination pathway.

Free ubiquitin (Ub) is activated in an ATP-dependent manner with the formation of a
thiol-ester linkage between Ub activating enzyme E1 and the carboxyl terminus Gly76
of Ub. Ubiquitin is transferred to one of a number of different Ub conjugating
enzymes (E2s). Ub ligases (E3s) catalyze the formation of an isopeptide bond
between the g-amino group of a lysine residue in substrate proteins and the carboxyl
terminus Gly76 of Ub. Two families of E3s are known. For HECT domain E3s, Ub is
transferred to the active-site cysteine of the HECT domain followed by transfer to
substrates. For RING E3s, Ub is transferred directly from the E2 to the substrate.
(This schematic is adapted from Di Piore et al. 2001 Nature)
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4.2 Different forms of ubiquitin modification.

Monoubiquitination (MonoUDb) is obtained by the attachment of a single Ub molecule
(red circle) to a lysine residue (K), whereas multiubiquitination (MultiUb) is the result
of addition of several single Ubs to different lysine residues in a protein. These
modifications are implicated in cellular processes, including endocytosis and
membrane trafficking. Polyubiquitination (PolyUb), however, is obtained by the
formation of a polymeric chain of Ub molecules by the subsequent additions of Ub
molecules to the preceding Ub. The functions of Lys48-linked ubiquitin chains target
proteins for degradation by the 26S proteasome, whereas chain elongation via Lys63
is involved in several non-proteolytic functions, including signaling DNA repair, the
stress response, endocytosis and signal transduction. The biological function of
ubiquitin chains coupled via Lys11 and Lys29 remains to be determined, but it has
been suggested by some group that the linkage through Lysll or Lys29 may target

proteins to the poteasome.
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4.3 Characterization of the UIM.

(a) Alignment of C-terminal extreme sequence of PDE4D with the UIM-containing
sequences of several endocytic proteins. Consensus UIM is indicated and delineated
in red line. N-proximal acidic patch was shown in blue, hydrophobic residue is shown
in pink, nearly invariable alanine is shown in green, conserved serine at position 13 is
indicated in red and conserved glutamate at position 16 is indicated in violet. (b)
Extreme C-terminal of PDE4A11, PDE4B1, PDE4C, and PDE4D5 were aligned by
GENEDOC Software. Conserved amino acids within these four gene families are
indicated by the letters at the bottom line. The red line delineates where the UIM is

located.
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4.4 Isoprenaline-stimulated ubiquitination of PDE4DS.

(a) HEKB2 cells were transiently transfected with PDE4D5-VSV and the endogenous
B,ARs were stimulated for the indicated times. PDE4D5 was immunoprecipitated
with VSV affinity beads, the bound protein sample was separated by SDS-PAGE and
the presence of ubiquitinated forms in the immunoprecipitates (IP) was detected with
a ubiquitin-specific antibody. (b) Shows the equal amount of PDE4DS5 in the IP
samples. (¢c) HEKB2 cells were stimulated with isoprenaline for the indicated times
and endogenous PDE4D35 was immunoprecipitated with Protein-G beads by a specific
PDE4D antibody. The presence of ubiquitinated forms in the IP samples was detected

with a ubiquitin-specific antibody.
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Figure 4.5 Isoprenaline-stimulation of HEKB2 cells failed to lead to
ubiquitination of PDE4AS, PDE4B1, PDE4B3, PDE4B4 and PDE4C1.

HEKB2 cells were transiently transfected with one of the VSV-tagged PDE4 isoforms
(PDE4AS, PDE4B1, PDE4B3, PDE4B4 and PDE4CI1) and the endogenous B>ARs
were stimulated for the indicated times. PDE4 isoforms were immunoprecipitated
with VSV affinity beads, and the presence of ubiquitinated forms in the

immunoprecipitates (IP) was detected with a ubiquitin-specific antibody.
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4.6 Absence of ubiquitination of PDE4D3 in response to isoprenaline in HEKB2

cells.

(a) Sequence alignment of the extreme C-terminal residues of PDE4B1, PDE4D3 and
PDE4DS, respectively. UIM domains are shown in red. (b) HEKB2 cells were

transiently transfected with VSV-PDE4D3 and stimulated with isoprenaline at

indicated times. Immunoprecipitation (IP) was performed with VSV affinity beads.

and ubiquitination was assessed using a specific Ub antibody on the IP samples.

Positions of the molecular mass markers (kDa) are indicated.
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Figure 4.7 The extreme C-terminal of PDE4D5 contains a UIM domain essential
for ubiquitination.

(a) Schematic representation of VSV-PDE4DS5 ubiquitination mutant. Catalytic
domain connects N-terminal region of PDE4D5 with its extreme C-terminal doamain.
The VSV tag is located at the C-terminus of the molecule (black box). Triple point
mutations in the context of the full-length VSV-PDE4DS5 are indicated (*). (b)
HEKB2 cells were transiently transfected with PDE4DS 723E-VSV and stimulated
with isoprenaline at indicated times. Ubiquitination of the isolated PDE4DS5 723-VSV
on VSV affinity beads was assessed by Western blotting using a specific Ub antibody.
Positive control was performed using VSV-tagged PDE4D5 wild type (PDE4D3S wt)

transfected HEKB2 cells. Positions of the molecular mass markers (kDa) are indicated.

153




PDE4D5 PDEA4DS 723E No Transfection
250~ ‘ : }M,d 250— 250—
100 .,."u i W : 100-
g Akt sl 75— IP VSV4DS
S0 enenen - o® 50— - 50— memmeme® 5 gt
37— S ENEE) 37— wf ¥ 37—
3N oeeeoee 25— - pEpp—

0 1 10 1560 180 (min) 0 1 10 1560180 (min) 0 1 10 1560180 (min)
100- werermee 100 s mgyvon 100-
75— 75— 8~ IP VSV4DS
50— 50— 50— —
37— 37— 37—
25— . 25— 25—

0 110 1560180 (min) 0 110 1560180 (min) 0 110 1560180 (min)

Figure 4.8 Vasopressin-stimulated ubiquitination of PDE4D5-VSV in HEKV2
cells.

Left Panel: HEKV2 cells were transiently transfected with PDE4D5-VSV and the
endogenous V,Rs were stimulated with vasopressin for the indicated times. PDE4D5
was immunoprecipitated with VSV affinity beads, and the presence of ubiquitinated
forms in the immunoprecipitates (IP) was detected with a Ub-specific antibody. The
same blot was stripped and probed with an anti-VSV antibody to confirm the equal
amount of PDE4DS5 pull-downed in the IP samples. Middel Panel: Under the same
conditions as Left Panel but with transfected VSV-PDE4D5 723E mutant, the
ubiquitination status of VSV-PDE4DS5 723E was assessed by probing the isolated
PDE4DS35 723E on the VSV agarose with a specific Ub antibody. Right Panel: control
experiment was done in the non-transfected HEKV2 cells. Positions of the molecular

mass markers (kDa) are indicated.
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Figure 4.9 B-arrestin-mediated PDE4DS5 ubiquitination in HEKB2 cells.

(a) HEKB2 cells were transiently transfected with VSV-tagged wild type PDE4DS5
and stimulated with isoprenaline at indicated times. Immunoprecipitation (IP) was
performed with VSV-agarose, and ubiquitination of PDE4D5-VSV was assessed by
Western blotting using a specific Ub antibody. (b) HEKB2 cells were transiently
transfected with VSV-tagged PDE4D5 mutant that does not bind to B-arrestin
(PDE4D5-VSV  E27A) and stimulated with isoprenaline at indicated times.
Immunoprecipitation was performed with VSV-agarose, and ubiquitination of
PDE4D5-VSV E27A was assessed using a specific Ub antibody by Western blotting.
(c) Endogenous P>ARs were stimulated with isoprenaline for the indicated times.
Endogenous B-arrestin was isolated on Protein-G beads with a specific anti-B-arrestin
antibody and ubiquitinated forms of B-arrestin in the IP samples were assessed by
Western blotting using a specific Ub antibody. The positions of molecular mass

marker (kDa) are indicated.
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4.10 PDE4DS5 interacts with Mdm2 via a [3-arrestin-dependent manner.

HEKB2 cells were transiently transfected with VSV-tagged PDE4DS5, PDE4D5 29/30
mutant (that blocks its binding to RACK1), PDE4D5 723E mutant (that blocks its
ubiquitination) and PDE4D5 E27A mutant (that does not bind to [-arrestin),
respectively. (a) Endogenous Mdm2 in HEKB2 cells were immunoprecipiated on
Protein-G beads with an antibody specific to Mdm?2 and the association of Mdm2 with
those overexpressed proteins was determined by Western blotting analysis with VSV
antibody. Equal amount of immunoprecipiated Mdm2 was verified by blotting the IP
samples with Mdm?2 antibody. (b) Different forms of VSV-tagged PDE4DS5 in HEKB2
cells were isolated on VSV-agarose and the association of these different forms of
VSV-tagged PDE4D5 was assessed by Western blotting analysis with a specific
Mdm?2 antibody. Equal amount of immunoprecipitated VSV-tagged different forms of
PDE4D5 was verified by blotting each IP sample with VSV antibody.
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4.11 A mixture of K29-linked, K48-linked and K63-linked polyubiquitin chains
on PDE4DS5 in response to isoprenaline in HEKB2 cells.

HEKB2 cells were transiently transfected with VSV-tagged wild type PDE4DS and
one of the following HA-tagged Ub forms: wild type Ub (WT HA-Ub), or K29, 48,
63R mutant of Ub (3R HA-Ub), or K63R mutant of Ub (K63R HA-Ub) or K48R
mutant of Ub (K48R HA-Ub). HEKB2 cells were then stimulated with isoprenaline
for different times and harvested in 3T3 lysis buffer. An equal protein concentration of
cell lysate was subject to immunoprecipitation (IP) with VSV-agarose and the
ubiquitination forms of VSV-tagged PDE4DS5 in the IP samples were determined by
Western blotting analysis using a HA antibody. The expression of PDE4D35 constructs
and Ub constructs were verified by blotting an aliquot of the transfected cell lysate

(30 pg) with VSV antibody and HA antibody, respectively.
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4.12 Isoprenaline-stimulated wild type PDE4DS interaction with protcasome
1981, 19S2 and 19852 in a time-dependent manner in HEKB2 cells.

HEKB2 cells transiently transfected with VSV-tagged wild type PDE4DS were
stimulated with isoprenaline for different times. PDE4DS5S was isolated on VSV-
agarose and its association with proteasome 19 regulatory complex subunits was
assessed by Western Blotting analysis using specitic antibodies against (a) 1981, (b)
1982, (c) 1956, (d) 19512 and (e) 19S5a, respectively. The expression of 198 subunits
were verified by blotting an aliquot of the transfected cell lysate (30 pg) with their
corresponding antibody. Equal amount of immunoprecipiated PDIADS in each IP

sample was determined by Western Blotting using a specific VSV antibody.
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Figure 4.13 Loss of ability of VSV-tagged PDE4DS UIM mutant 723E to interact
with proteasome 19S regulatory complex in HEKB2 cells in response to
isoprenaline.

HEKB2 cells were transiently transfected with VSV-tagged PDE4D5 UIM mutant
723E, followed by stimulation with isoprenaline at indicated times. VSV-tagged
PDE4DS5 723E was isolated on VSV-agarose and the interaction between PDE4DS5
723E and 19S regulatory complex subunits were assessed by Western blotting
analysis using antibodies against (a) 19S1, (b) 19S2, (c) 19S6, (d) 19S12, and (e)
19S5a as indicated. A VSV antibody was used to confirm the equal amount of
PDE4DS 723 in each set of IP samples.
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Figure 4.14 Ubiquitination of PDE4DS enhances its binding to -arrestin.

(a) HEKB2 cells transiently transfected with either VSV-tagged wild type PDE4DS or
its UIM mutant 723E were stimulated with isoprenaline for different times.
Immunoprecipitation (IP) was performed with anti-B-arrestin antibody to isolate
endogenous B-arrestin in those transfected HEKB2 cells. The association of B-arrestin
with either wild type PDE4DS or UIM mutant 723E was assessed by Western blotting
analysis on IP samples using a specific VSV antibody. (b) Quantification of three
experiments as in (a) (means + S.D.) with 100% as the maximal effect seen with

isoprenaline.
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Figure 4.14 Ubiquitination of PDE4DS5 enhances its binding to 3-arrestin.

(c) HEKB2 cells were transiently transfected with wild type VSV-tagged PDE4D5
and stimulated with isoprenaline at indicated time. VSV-PDE4D5 was isolated on
VSV-agarose and the ubiquitination of VSV-PDE4DS5 on the VSV affinity beads was
detected by Western blotting analysis using a specific Ub antibody. The levels of
immunoprecipitated VSV-PDE4D5 were examined by immunoblotting with anti-
VSV antibody. (d) Quantification of three experiments as in (¢) (means + S.D.) with
100% as the maximal effect seen with isoprenaline. (e) Plot for comparison between
the kinetics of isoprenaline-stimulated B-arrestin binding and that of isoprenaline-

induced ubiquitination of PDE4DS5, which is concluded from Figure 4.14 (b) and (d).
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Figure 4.15 In vitro ubiquitination assay determines PDE4DS putative
ubiquitination sites.

(a) The PDE4D5 peptide array that underwent in vifro ubiquitination assay using a
commercial Ubiquitination Kit was incubated with a specific Ub antibody and subject
to ECL. Positive signals are scored as dark spots and negative signals are scored as
blank spot. (b) Two regions that encompass the Ub acceptor sites amino acid
sequences in sequential peptides on PDE4DS5 peptide array are delineated. Ub
acceptor sites are indicated in red. The amino acid sequence that contains both PKA
phosphorylation consensus (marked in blue) and the second regions of ubiquitination

sites (underlined) are also delineated.
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Figure 4.16 The in vitro ubiquitination of sequential alanine substitution version
of a peptide 10-derived peptide.

Here shows an array of peptides based on a 25mer parent peptide (Ctr, peptide 10 in
Figure 4.15 a) of sequence Ala46-Arg68 in PDE4DS. Further spots reflect a scanning
peptide array of this parent peptide where indicated amino acids were sequentially and
individually substituted with alanine. Cellulose membrane was blocked before

immunoblotting with a specific anti-ERK2 antibody. Ctr, control.
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Figure 4.17 Organization and structure of the 26S proteasome and 19S
regulatory particles.

(a) Organization of the 26S proteasome, which is composed of 19S regulatory particle
(RP) and 20 core protease (CP). (b) Proposed organization of 19S regulatory particle
with its Lid and Base subparticles. N, RP non-ATPase subunits; T, RP AAA-ATPase

subunits.
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Chapter 5

Initial Exploration of Sumoylation of PDE4DS in HEK293

cells




5.1 Introduction

Reversible post-translational modifications are widely used to dynamically
regulate protein functions (Hochstrasser 2000). This has been furthey supported in the
study of my last chapter, where ubiquitination of PDE4DS was shown lo affect its
binding affinity towards B-arrestin. In addition to Ub, several other ubiquitin-like
proteins (Ubls) have recently heen identified and suggested to be able to alter the
function of their conjugated proteins (Hochstrasser 2000; Johuson 2004, Pickart and
Eddins 2004). One Ubl in particular, the small ybiquitin-related modifier (SUMO), is
perhaps the best-studied example of a post-transiational modification after
modification by Ub (see reviews: Sceler and Dejean 2003; Gill 2004; Verger et al.
2003; Muller et al. 2004; Hilgarth et al. 2004).

Small ubiquitin-related modifiers (SUMOs) are a group of proteins that
conjugate to a wide range ol proteins in the cell (IH{ay 2005). They are highly
conserved from ycast to mammals. So far, only onc SUMO gene has been identified
in yeast species and invertebrate, whereas eight isoforms have been found in plants
(Dohmen 2004). In human cclls, four types of SUMO, termed SUMO-1, SUMO-2,
SUMO-3 and SUMO-4 have been identified (Dohmen 2004). Human SUMO
isoforms have a similar protein folding that is characterized by BRafBaf, but they
differ in their sequence identity, SUMO-2 and SUMO-3 are very similar in sequence
(95% sequencc identity for the human proteins), but SUMO-1 is only about 47%
identical to SUMO-2 and SUMO-3 (Melchior 2000; Muller ¢t al. 2004). Another
difference between SUMO isoforms is their ccllular status; for example, the majority
of SUMO-1 exists in the conjugated [orm, whereas the SUMO-2 and SUMO-3
isoforms exist primarily as free proteins that are strongly subject to rapid conjugation

that is distinct from SUMO-1 (Saitoh et al. 2000).

SUMO molecules conjugale to their target proteins through an isopeptide
bond formed between the C-terminal glycine residuc of SUMO and a lysine residue in
the substrate. In most cases, the lysine residues are embedded in a consensus scquence
composed o f a characterized WKXE motif, where w represents a hydrophobic amino
acid residue, including Leu, Ile, Val or Phe {(Johnson 2004), and K is the site of
SUMO conjugation. As is generally known, in a SUMO conjugation reaction SUMO




hydrolase first removes the [our C-terminal amino acids of SUMO. This exposes a
diglycine motif to facilitate SUMO conjugation. The SUMO molecule is then
adenylated and covalently linked to a SUMO-activating E1 enzyme. Subsequently,
SUMO is transferred to the SUMO-conjugating E2 enzyme Ubc9, which catalyzes the
transfer of SUMO to its target proleins (Figurc 5.1). To note, Ubc9 does not
discriminate between SUMO isoforms and carries out all SUMOQ paralogues-mediated
modification (Melchior 2000). Distinct from its counterpart in the ubiquitination
pathway, the SUMO E2, Ubc9 can, in many cascs, directly bind to substrate proteins
via their sumoylation consensus sequence YKXE (Sampson et al. 2001). The E3
ligase, which stimulates SUMO conjugation to target proteins, including PIAS,
RanBP2, and Pc2, has only been recently identificd. Although not required for
sumoylation in vitro (Bernier-Villamor et al. 2002), SUMO E3 ligases scem to
modulate the efficiency of sumoylation of target proteins in vivo. This is especially of

importance for substrates that lack SUMO attachment consensus sequences.

There are sevecral models describing the functional consequences of SUMO
modification: it may competc with ubiquitination and affect protein stabilitics
{Desterro et al.1998), alter substrate protein subcellular localization (Wilson and
Rangasamy 2001), affect transcriptional activities (Seeler and Dcjean 2003), or
mediate prolein protein intcractions (Reverter and Lima 2005). Compared to the
classic function of ubiquitination, which leads to the 26 proteasome-dependent
degradation, the biological consequences of SUMO modification vary in a substrate-

specific manner.

My alignment of the PDE4DS5 amino acid sequence (Figure 5.2} reveals one
conserved sumo modification consensus motif in its catalytic domain. This motif is
considered to provide the potential site for recognition by the SUMO-conjugating E2,
Ubc® and therefore dirccts target protein sumoylation. In exploring here whether
PDEA4DS5 is a substrate for sumo modification [ found that PDE4DS was indeed
susceptible to SUMO modification if appropriate conditions were provided to aid in
the detection of this modification. Muiations affecting sumoylation of PDE4DS5 have
significant functional consequences on its association with other binding partners,

such s P-arrestins, RACK-1, and ERK2. These findings identify sumoylation as a
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post-translational modification that alfects the interaction of PDE4DS5 with proteins
that sequester it. This occurs in such a manner that {s dependent on the presence of a
lysinc residue within the SUMO modification consensus sequence present in the

PDE4DS catalytic domain.

5.2 Results

5.2.1 Mutation of the potential target lysine residuc lecaied within SUMO
modification consensus sequence in PRE4DS ablates its sumoylation in vitro.
Wild type PDE4DS contains a short motif, VKTE, in the N-terminal of its
catalytic domain, which suggests that this PDE4 isoform may become SUMOylated.
This motif fits the minimal SUMO modification consensus sequence WKXE (Figure
5.2). If this hypothesis is correct, the lysine residue (K323) within VKTE motif would
be a strong candidate to provide a SUMO modification site. In unother words, if
VKTE provides the lysine to be modified by SUMO, mutation of this lysine residue to
arginine would ablate any such modification. To test whether human PDE4DS is
meodified by SUMO, T first performed site-directed mutagenesis on lysine 323 of
PDE4DS5, which is contained within the putative SUMO consensus sequence, This
mutation (K323R) thus can bc used as a negative control for detection of PDE4DS5

sumoylation if lysine 323 is susceptible to SUMO modification,

An in vitro translational sumoylation study, performed by the Hay laboratory,
using 35S-methionine wild type PDE4D5S DNA. SUMO-activating El1 enzyme
{SAE1/SAE2), SUMO-conjugating E2 enzyme (Ubc9), SUMO isoforms, SUMO-1 or
SUMO-2, both of which lack the four C-terminal amino acid residues, and an ATP
regenerating system, was performed to determine whether PDE4DS is modified by
SUMOQ-1 or SUMO-2. After incubation for 4 hour at 37°C, Fractionate reaction
products was analysed by 4-12% SDS-PAGE, subsequent staining and fixing, and
subject to phosphoimager after the gels were dried. In the reaction that contained
SUMO-activating E1 enzyme, SUMO-conjugating E2 enzyme Ubc® and SUMO-1,
proteins with a molecular mass larger than that of PDE4DS were detected, suggesting
that PDE4D5 is conjugated by SUMO-1 (Figure 5.3, lane 5). In the reaction that
contained SUMO-2, instead of SUMO-1, together with SUMO 1, E2 enzymes,

proteins with a mass larger than that of PDE4D5 were also detected, indicating thut
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PDEADS is attached to SUMO-2 (Figure 5.3, lane 6). However, these bands were not
detected if ATP was not added to the reaction mixture (UN, Figurc 5.3, lane 4),
indicating that SUMO-activating Til enzyme, UbcY, and SUMO isoforms are
necessary for PDE4DS sumoylation ir vitre, A similar finding was observed for the in
vitro study of a positive control, sumoylation of Spl00, a transcription factor that has
been shown to be able to undergo sumoylation under decent conditions (Figure 5.3,
lane 2 and 3). On the other hand, when purified recombinant 1 enzymes (Aoasl and
Uba2 subunits), Ubc9 and SUMO-1 or SUMO-2 were mixed with the in vitro
translated substrate proteins PDE4D5K323RK or PDE4D5K323RJ in the presence of
ATP, SDS-PAGE uand autoradiograpby did not reveal the slower migrating,
sumoytated form of PDE4DS (Figure 5.3, lane 7-12) as that of wild typc PDE4DS.
This suggests that mutation of lysine residue within VKTE motif of PDE4D35 ablates
its ability to become sumoylated in vitro, and that lysine 323 in PDEA4DS indeed
provides a site where SUMO can be attached to and modify.

5.2.2 Modification of PDE4DS5 by SUMO-1 in cells
5.2.2.1 Conditions that f have tried to detect sumoylation of PDE4DS in cells.
Although SUMO modification only occurs to a small fraction of substrate, its
biological consequences seem to affect long-term fate of modified proteins (Hay
2005), Therefore, it appears that a history of SUMO modification makes a difference
between the proteins modified and non-modified. /n vitro data has suggested that
PDEA4DS3 is a SUMO target. However, it cannot be sitaply presumed that PDE4DS can
also be modified by SUMO-1 or SUMO-2 in vivo in intact cells. Thus, I set out here
to assess whether SUMO can modity PDRE4D3, and if the sumoylation site is within
VKTE motif.

In order to amplify the detection of SUMO modification of PDEADS, 1 first
overexpressed a small epitope VSV-tagged wild type PDE4DS in HEKB?2 cells, and
used overexpressed VSV-K323R as a control. Cells were harvested in 3T3 lysis buffer,
Immunoblotting of the immunoprecipitates obtained using anti-VSV agarose beads
with SUMO-1 or SUMO-2 antibody failed to reveal the SUMO associated with the
immunoprecipitants. Then I tried to co-overexpress VSV-PDE4DS (wild type) and
Hisg-tagged SUMO-1 (or SUMO-2), but the immunoprecipitate of VSV-PDE4DS
again did not reveal the interaction with either SUMO-1 or SUMO-2. As SUMO E2
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Ubc9 has been shown to mediate SUMO transfer {o its target, 1 wish to study if co-
expression of VSV-PDE4DS (wild type) and Ubce9 could help detect the sumoylation
of PDE4DS in HEKB2 cells. Unfortunately, signals for SUMO were not apparent in

the VSV-pulled down immunopreeipitates.

HEKRB?2 cells have been stably transfected with [3o-adrenergic receptors. Thus,
in order to preclude any potential artefacts resulting from the use of this ccll line, 1
then also used COS-1 cells and HEK293 cells to study the interaction between VSV-
PDE4DS and SUMO under the same conditions, Again, I failed to detect any
modification of PDE4DS with SUMO.

As the SUMO modification of its target has becn suggested to be mediated
by some other post-translational modifications on the same substrate protein, and it
has been shown that PDE4D long isoforms are susceptible to PKA mediatcd
phosphorylation via increased cAMP levels, therefore, I set out here to assess if
clevating the intracellular levels of cAMP would help detect the SUMO modification
ol PDE4DS5 in vivo. HEKB2 cells or HEK293 cells were transfected with VSV-
PDE4D5 or the SUMO mutant form of this isoform where the putative target lysine
was mutated to arginine, The transiently transfected cells were challenged for 5 min
with 10 uWM B-agonist isoprenaline or 100 uM IBMX (a non-selective PDE inhibitors)
/ 100uM forskolin (that activates adenylyl cyclase dirgctly so us to increase
intracellular CAMP), respectively. The lysates in 3T3 lysis buffer were subject to
immunopreeipitation with anti-VSV agarose. The {ollowing western blot using an
anti-SUMO-1 antibody failed to detect endogenous SUMO-1 in the VSV-PDE4DS5-

containing precipitates.

In order to preclude the possibility that 3T3 lysis buffer obscured the
detection of sumoylation of PDE4DS, I also used a non-detergent-containing buffer
KHEM buffer to harvest cell under the test conditions mentioned above, Similar to the
results obtained above, I could not detect any association between wild type PDE4D3

tagged with VSV and endogenous/transfected SUMO-1 or SUMO-2.
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As SUMO-1 and SUMO-2 confer different patterns of conjugation onto
substrate proteins, where SUMO-1 cxists predominantly in its conjugating form, but
SUMO-2/3 are dramatically subject to rapid conjugation upon heat shock and
oxidative or ethunol stress (Saitoh et al; Manza et al. 2004). Therefore, I tried to
assess if trecatment of HEK293/HEKB2 cells with >O» for 30 min would trigger the
SUMO-2 modification of VSV-PDE4DS5. The null interaction between VSV-PDE4DS5
and endogenous SUMO-2 indicates Lhat wild type PDE4D3 did not undergo

sumoylation under oxidative siress conditions.

So far, all the possiblc conditions under which PDE4DS5 might be modified
by SUMO have been tried, except the consideration of the importance of SUMO E3
ligase. Only recently has it been appreciated that SUMO L3 ligases are important in
regulating substrate selection, promoting the efficiency of target protein sumoylation
in vivo (Hay 2005). As the failure of detection of SUMO mofidification of PDE4DS in
vivo might result from the weak activity of SUMO E3 ligase in those studied cells,
especially when isopeptidase activity is high, 1 set out to examine if the
overexpression of one of the SUMO E3 liguses, PIASy, would enhance the degree of
PDE4DS5 being modified by SUMO, to which its conjugation can be detected in vivo.
In this set of cxperiments, HEK293 cells were cotransfected with VSV- tagged
PDE4D3 (C-terminal epitope tag) and HA-tagged PIASy (N-terminal epilope tag),
and harvested in the modified RIPA buffer that contains 25 pM NEM (a de-
ubiquitinating enzyme) and 10 pM MGI132 (proteasome inhibitor). The VSV-
PDE4DS was immunoprecipitated with anti-VSV agarose beads and immunoblotted
with SUMO-1 (Figure 5.4). A sumoylated spccies was observed at about 125 kDa on
the SDS gel. Overlaid VSV antibody on the same blot revealed two bands, one
reflecting the size of unmodified wild typc PDE4DS (~105 kDa), another 25 kDa
larger and corresponding to the previous SUMO-1 signal in the VSV-precipitates
(Figure 5.4), This suggests that wild type PDE4DS5 exists in a dual forim, one being
SUMO modified, another not. A form of PDE4DS, where lysine 323 has been
mutated to arginine, was co-expressed with HA-PIASy in HEK?293 cells. Failure to
detect SUMO modification of VSV-K323R under the same experiment conditions as

that of VSV-PDE4DS (wild type) provides an independent support that lysine 323,
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located within VKTE in PDE4DS3, is the site of SUMO modification of PDE4D5 in
intact cells (Figure 5.4).

5.2.3 Effects of SUMO-1 modification on PDE4DS intcraction with its binding
partners.

Sumoylation has previously been shown to affect protein-protein interactions
(Matunis et al. 1998). As PDE4DD5 has a number of binding partners, such as f3-
arrestins (Beolger ct al. 2003), RACK-1 (Yarwood et al. 1999), ERK2 (MacKenzic et
al. 2000) and AKAP183 (unpublished data), 1 set out to test whether sumoylation of
PDE4DS5 can affect its association with these various binding partners. Here, 1
performed two strategies to address this question. One was sequential
immunoprecipitation, where VSV-PDE4D3 was transfected in HEK293 cells and
PDE4D5 cndogenous binding partners were sequentially immunoprecipitated from
the lysates. Then both the lysates and immunoprecipitates were probed with anti-VSV
antibody. Here, I show that wild type PDE4DS5, either in the pre-IP lysates, or post-IP
lysates, or in the individual IP samples, as indicuted in Figure, appears in two forms:
one is migrating faster and has the native size of 105 kDa; another is migrating slower
and located about 25 kDa above the other (Figure 5.5 a). As it has been suggested that
SUMO-1 migrates as an approximately 25 kDa species on SDDS-PAGE, this larger
mass of PDE4D3 is likely (o be due to the addition of SUMO-1 onto VSV-PDE4DS.
In order to confirm this, I stripped the blot and probed it with anti-SUMO-1 antibody.
As shown here, only one band was evident in each sample lane and each band
corresponded to the upper band of the VSV blot used to identify epitope-tagged
PDE4D35 (Figure 5.5 b). This confirms the SUMO conjugated status of PDE4DS in
the sequential I experiment. Interestingly, in all cases the amount of the sumoylated
form of PDE4DS detected in each immunoprecipitaled species was greater than that
of non-sumoylated form of PDE4DS (Tigure 5.5 a), suggesting that those PDE4D5
binding partners preferentially bind to the SUMO-conjugated form of PDE4DS. In
another word, SUMQ modification enhances the association of PDE4DS with the
kunown binding partners, namely B-arrestins, RACK-1, ERK2 and AKAP183 under

the conditions that I performed these cxpcriments.
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Another strategy 1 performed to address the effect of sumoylation on
PDE4DS interaction is the comparison of the signals obtained from VSV-PDE4DS5 or
VSV-K323R associated binding partners. These experiments utilized VSV tagged
wild type PDE4DS and VSV tagged lysine 323 mutated form of PDE4DS. Under the
experimental conditions uliliscd with PDE4DS /K323R and PIASy (Figure 5.6 &),
wild type PDE4DS binds much more to -arresting, RACK-1, ERK2 and AKAP188
than its SUMO mutani (K323R), providing an independent support for the previous
data obtained from the first strategy performance (Figure 5.6 b,c,d,e). These data
suggest that SUMO madification of PDE4DS enhances its intcraction with certain of

ifs binding partners.

5.3 Discussion

This investigation demonstrates that PDE4DS, a unique PDE4 isoform, exists
in a dual form, one of which is SUMO-1 modificd, another is not so modified (Figure
5.4, 5.5 a). | have presented evidence that this modification occurs both i vitro and in
vive in a HEK293 cell line engineered to express VSV-tagged PDE4DS, However, co-
transfection with HA-tagged PIASy is required to identify SUMO-1 modification of
PDE4DS. T have mapped the SUMO medification site on PDE4DS to one consensus
lysine (K323) in the N-terminal portion of catalytic domain of PDE4DS5 (Figure 5.4).
Sumoylation of PDE4D5 secms to affect its interaction with some other proteins
(Figure 5.5 a). Alignment of four different PDE4 genes reveals that PDE4A and
PDEA4D both possess sumoylation consensus motif. Although, to dale, I have not been
able to show that PDE4A can be modified by SUMO-1, this at least suggests that
SUMOQ modification might be not restricted to PDE4D gene family members, but also
members of the PDE4A family. The effects of sumoylation of PDE4DS5 isotorm may
be also important for regulation of all of the PDE4A/D family membcrs, which

contain the SUMQO modification consensus matif,

Sumoylation is now known highly dynamic and reversible {Dohmen 2004),
equilibrating between sumoylation and desumoylation. The major difficulties in
identifying SUMO targets are: (1) these proteins are rapidly deconjugated by SUMO-
specific proteases upon cell lysis in nondenaturing buffer (Melchior F. 2000); (2) only

a small fraction of the substrate, frequently below 1% is sumoylated at any give time
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(Johnson 2004). This might explain why I could not detect any sumoylated form
PDE4D5 in the initial screen unless a lysis buller containing SDS and NEM (modified
RIPA buffer) was usced in the analysis, which correlates with the characteristics of
many SUMO-conjugated proteins (Chang et al. 2004; ¢t al. 2002, Hotmann et al.
2000).

Although in vitro sumoylation of PDE4DS5 has been shown to occur in the
presence of SUMO-E, E2, Ubc® and SUMO-1 (or SUMO-2) in the abscnce of a
SUMO-E3 (Figure 5.3), the cxtent of detecting sumaylation of PDE4DS in intact
HEK293 cells was shown to increase in the presence of the PIASy, which serves as a
SUMO-E3 ligasc (Figure 5.4). This investigation demonstrates that PIASy is crucial
for PDE4DS sumoylation to be detected iz vive in the model system used here. PIASYy,
one of the isoform of PIAS proteins, has a SP-RING domain, which resembles RING
finger motif found in many Ub 135 (Hochstrasser 2001) and is responsible for the
direct binding to SUMO E2 conjugating enzyme Ubc9. Common to other PIAS
proteins, PIASy contains a SIM (SUMO interacting motif) domain, which is
implicated in binding to SUMO non-covalently (Minty et al, 2000), Therefore, it
appears that introducing exogenous HA-PIASy into HEK293 cells increases the E3
ligase-dependent activity by efficiently bringing both E2 UbcS and SUMO isoforms
in close proximity to PDE4DS, therefore making the sumoylation of PDE4DS in vivo
possible and detectable, Owing to the low amount of PDE4D3 expressed
endogenously in HEK293, exopenously cxpressing VSV-PDE4DS5, together with HA-
PIASy, increases the amount of PDE4DS5 being sumoylated.

Although the conditions under which sumoylation of PDE4DS has been
identificd in several experiments were optimized and kept through all my in vive
expetiments, the frequency of detecting sumoylated form of PDE4DS is still relatively
low, in another word, the chance of being able to detect PDE4DS in vive is variable.
Thus a large number of evaluations were carried out in order to obtain definitive
results. Therefore, the following functional analyses of sumoylation of PDE4DS5 were
performed in samples that werc first tested and proven to produce positive

sumoylation results,

PDE4DS containg 745 amino acids and has an estimated molecular mass of
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84.4 kDa. However, PDE4DS normally migrates to positions significantly higher than
84.4 kDa in an SDS-PAGE gel at about 105 kDa. Moreover, although SUMO-1 has an
estimated molecular mass of ~12 kDa, several previous studies have demonstratcd
that may SUMO-conjugated proteins usually have a size increase of ~20 kDu alter
conjugation by one SUMO-1 molecule (Johnson 2004). Under the optimized
conditions, protein bands of 105 and 130 kDa were clearly detectable by immunoblot
analysis with an anti-VSV antibody (Figure 5.5, lane 1), The size differcnce between
these two bands implies that VSV-PDEADS is conjugated by one SUMO-1 molecule.
As SUMO-1 does not have wKXE motif, or the possible acceptor lysines that are
homologous to lysine 29, 48, 63 of Ub, this finding is consistent with previous
observations that SUMO-1 does not form poly-SUMO chains {Secler and Dcjecan
2003). The evidence demonstrating that VSV-PDE415 is conjugated by SUMO-1 also
comes from immunoprecipitation experiments. In the lysate prepared from HEK293
cells transfected with VSV-PDE4DS and HA-PIASy, VSV-tagged PDEADS was
immunoprecipitated and dctected by an anti-SUMO-1 antibody (Figure 5.5 b) or VSV
antibody (Figure 5.5 a). As is generally known, proleins are often sumoylated on the
lysine residue of a yKXE sequence, In the N-terminal of catalytic domain of PDE4DS
resides such a consensus mouf VKTE (Figure 5.2). Mutaling the lysine residuc of this
sitc influenced PDE4DS sumoylation, indicating this lysine residue is the actual site
for SUMO modification (Figure 5.4 b). This result also climinates the possibility that
the proleins detected are non-specifically immunoprecipiated by anti-VSV agarose
beads. Interestingly, when I tried to do the reverse IP, in which anti-SUMO-1 antibody
was used to immunoprecipitate sumoylated form of PDE4DS, VSV-PDE4DS did not
come down together with the SUMO-1 antibody, This might be attributed to the fact
that the SUMO-1 antibody used in this study can not be used for immunoprecipitation.
Notably, the quantity of VSV-PDE4DS5 that is sumoylated appears to be a small
percentage of the total VSV-PDE4DS (Figure 5.3; 5.4 a). However, in one rare case, [
obtained high quantity of sumoylated form of PDE4DS (Figure 5.5 a),

Sumoylation often allccis the function of protein-protein interactions
(Matunis ct al. 1998; Johnson 2004). The scquential TP results demonstrate that the
sumoylated form of VSV-PDE4DS5 is more abundant than the non-sumoylated VSV-
PDE4D35 (~103 kDa) in each IP sample, as the band at 130 kDa is observed more
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intense than that at 105 kDa in immunoblot (Figure 5.5, tane 1). This phenomenon is
possibly owing to the fact that sumoylated PDE4DS5 preferentially interacted with
various numbers ol scalfolding/signalling proteins, such as P-awresting, RACK-1,

ERK?Z and AKXAP188.

Additionally, the availability of lysine323 in PDE4DS largely affects the
extent to which PDE4DS5 interacts with a number of its binding partncrs, as
sumoylated form of PDE4DS accounts for a large proportion of the totul PDE4DS that
is associated with the scaffolding or signalling proteins (Figure 3.5). In another word,
wild type PDE4DS, composed of both sumeoylated and non-sumoylated form, binds to
its binding partners studied here more than that in only non-sumoylated form (K323R).
As the signalling complexes containing PDE4D35 and its individual binding partners
are sequestered in distingt focal points and serve as shaping cAMP gradients, the
changes in the binding aftinities of PDE4DS5 towards its binding partners due to its
sumoylation status thus provides a possible mechanism for fine-tuning the
compartmentalization and desensitization of cAMP in the cells. The magnitude of the
differences in binding affinity towards thosc binding partners between wild type
PDE4DS5 and the non-sumoylated form of DPE4D3 are considerably large and
therefore potentially capable of representing a biologically important homeostatic

mechanism.

To elucidate the meaning of the sumoylation of PDE4DS, il is important to
know what kinds of signal can induce or suppress the sumoylation of PDE4DS.
Although I have shown that SUMO E3 ligase PIASy is important, there still leaves a
number of questions to be answered. (1) What is the SUMO isopeptidase involved? It
is well known that the level of the sumoylation is a balance between the activities of
sumoylation enzyme (E1, Ubc9, or SUMO E3 ligasc PIASy) and SUMO-specific
proteases. So far, there are three genes, SENP1, SENP2 (also known as Axam, Supr-1,
SSP3, and SMT31P2), and SENP3 (SMT31P1), that have bcen shown to function as
SUMO-specific proteases in mammals (Hay 2005; Melchior et al. 2003). Possibly the
knockdown ol one of the SUMO-specific protease in HEK293 cells using siRNA
technique would reveal the answer, which application into the cells will surely muke
the detection of the SUMO modification of PDE4DS3 casier and more reliable. (2) Is
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sumoylation of PDE4DS a constitutive process or a regulated one? If regulated, what
signals trigger or inhibit the pathway? A number of post-franslational modifications,
such as those that can target the same acceptor lysine as SUMO (for example,
ubiquitination and acetylation} or those that modify other residues, such as
phosphorylation, have been suggested to regulate sumoylation either positively
(Desterro el al. 1998; Tverett et al. 1999; Muller et al, 2000; Yang et al. 2003) or
negatively (Hietakangas et al, 2003; Sobko et al. 2002). Thus, it will be intriguing to
see if phosphorylated or ubiquitinated forms of PDE4DS fransfected in cells will
make a difference in its sumoyvlation status. (3) Are therc any other macromolecules
able to bind to PDE4D3 and regulate its SUMO modification? This is inspired by the
fact that sumoylation of Mdm2 and p53 in vivo has been shown to be enhanced by
association with the tumor suppressor AR (Chen and Chen 2003), and that
sumoylation of the transcriptionai factor Sp3 was reduced when bound to DNA
(Sapetschnig et al. 2002). 1 have already shown that sumoylation of PDE4DS5
increases its binding to B-armrestins, RACK-1, FRK2 and AKAPI189, but it will be
interesting to see if blocking the interactions between PDE4DS and these binding
parters using thc mutants of PDE4DS will affect the SUMO modification status of
PDE4DA.

To further discuss the function of sumoylation of PDE4DS, it will be
necessary to check its activity, its sub-cellular localization. Given the instability of
SUMO modifications in vivo, the SUMO-1 fusion protein, which SUMO proleases
cannot cleave, might provide an alternative mcans to clucidate the nature of

sumoylation of PDE4DS.
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Figure 5.1 Enzymatic conjugation mechanism of sumoylation.

The SUMO precursor is cleaved by SUMO-specific proteases (SENPs) with C-
terminal hydrolase activity to expose a C-terminal diglycine. In an ATP-dependent
reaction, mature SUMO forms a thioester conjugate with the heterodimer SUMO E1
activating enzyme (in yeast is SAE1/SAE2, in mammals is Aos1/Uba2). SUMO is
then transferred to the SUMO E2 conjugating enzyme Ubc9 and formed a thioester
intermediate again. From Ubc9, SUMO is conjugated to a substrate protein via an
isopeptide bond with a lysine residue (K). Recently several unrelated SUMO E3
ligases have been shown to crucial for substrate protein sumoylation in step 3. SUMO
modification is reversible and SUMO is removed from substrates by SUMO specific
proteases (SENPs) with isopeptidase activity. Schematic is taken from Wojcikiewicz
2004).
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MAQQT SPDTL TV PE VDN PHC PNP WIN EDL VKSL RE NLLQH EKSKT ARK SV
SPKL SP VISPR NSPRLLRR MLLSS NIPKQRR FT VA HTCFDVDNG TS AGR §
PLD PM TSP GS GLILQAN FVH SQR RESFLY R SDSDYD LS PKS MSRNSSIAS
DIHGDD LIVT PFAQV LASLRT VRN NFAALT NLQDRA PSKR SP MC NQP SIN
KA TITEEAYQ KLASETLEEL DW CLD QLETL QTRH SVSE MA SNK FKRM LNR
ELTHL SE MSR SGNQV SEFIS NTF LDKQ HEVE IPSPT QK EK EKKKR PM SQI
SGVKK LMH SS SLTN SSIP RFGVETEQEDVL AK ELEDVNKW GLHV FRIAEL
SGNR PL TVIM HTIFQERD LL KTFRIPVD TL ITYL MTLE DHYH ADVAYHNN
IHAADVVQ ST HV LLSTP AL E AVF TDLEILA AIFAS AIHD V DH PGV SNQ FL
INTN SELA LM YND SSVLENH HL AVG FKLLQ EENCD IFQNLTKK QRQ SLRK
MVIDIVLATD MSKH MNLLAD LK TMV ET KKV TSS GVL LLDN YSDR IQV LQN
MVHCAD LSNP TEPLQLYRQW TDRIMEEFFR QGDR ERERG M EISP M CDKHN
ASVERKS QVG F IDY IVH PLW E TWAD LVH PDA QD ILD TLEDN RE WYQ STIP Q
SPSPAPDD PE EGRQG QTEKFQFEL TLE EDGESDTEKDSGS

KTLCTQD SE STEIPLDEQV EEEAVGEEEES QPEACV IDD RSPDT-

Figure 5.2 PDE4DS5 amino acid sequence alignment.

The entire sequence of human PDE4DS5 is illustrated here. Letters in red indicate {3-
arrestin binding sites on PDE4DS5; letters in orange are the SUMO modification
consensus motif (WKXE); letters in green indicate the potential ubiquitin interaction

motif (UIM).
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Figure 5.3 PDE4DS is a substrate for SUMO-1 and SUMO-2 conjugation in vitro.

In vitro expression of 35S labelled PDE4DS and following in vitro SUMO
modification of PDE4DS5 were performed by the Hay laboratory in Dundee University.
Fractionate reaction products were subject to SDS-PAGE gel and subsequent staining,
fixing and drying. Results were analysed by phosphoimager. As a positive control, the
PDE4D5 unrelated protein SP100, which has been shown to be modified by SUMO,
was used (lane 1-3). For negative controls for all samples (UN), ATP regenerating

system was omitted in the reactions.
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Figure 5.4 Exogenously expressed VSV-tagged PDE4DS is modified by SUMO-1
in vivo.

HEK?293 cells were transfected with VSV-PDE4D5 and HA-PIASy, and harvested in
modified RIPA buffer containing 0.1% SDS and 25 uM NEM. Clear cell lysates were
immunoprecipitated with anti-VSV agarose beads. (a) Immunoprecipitates were
analyzed by Western blotting with an anti-VSV monoclonal antibody. (b) The same
membrane was then stripped and reprobed with an anti-SUMO-1 monoclonal
antibody. The positions of free and putative SUMO-1 conjugated PDE4DS are

indicated. Molecular weight markers are shown on the right.
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Figure 5.5 Illustration of sumoylated form of PDE4DS preferentially binding to
B-arrestin, RACK-1, ERK2, and AKAP18.

HEK293 cells were transfected with VSV-PDE4D5 and HA-PIASy. Cells were
harvested in modified RIPA buffcr containing SDS and NEM. B-arrestin, RACKI1,
ERK1/2, and AKAP188 were individually and sequentially immunoprecipitated with
their corresponding antiserum. (&) The sequential IP samples run together with the
pre-immunoprecipitate and post-immunoprecipitate samples were analyzed by
Western blotting with an anti-VSV antibody. (b) The same blot was stripped and
reprobed with SUMO-1. Running position of molecular weight markers and of
SUMO-1 conjugated PDE4DS are indicated,
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Figure 5.6 SUMO-1 conjugation enhances PDE4DS interaction with -arrestins,
RACK-1, ERK and AKAP185.

(a) Immunoprecipitation of VSV-tagged PDE4DS5 was performed in HEK293 cells
transfected with VSV-PDE4D5 and HA-PIASy. Sumoylation status of VSV-PDE4D5
was analyzed by Western blotting of the immunoprecipitates with anti-VSV antibody.
VSV tagged 4D5K323R was used as a control. The position of conjugated and non-

conjugated PDE4D5, as well as the protein molecular weight marker is indicated.
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Figure 5.6 SUMO-1 conjugation enhances PDE4DS5 interaction with 3-arrestins,
RACK-1, ERK and AKAP185.

HEK293 cells were transfected with VSV-PDE4D5 and HA-PIASy and harvested in
modified RIPA buffer containing SDS, NEM. Confirmation of the sumoylation of
PDE4D5 was required prior the further explore of the interactions between PDE4D5
and B-arrestins, RACK-1, ERK1/2 or AKAP183 (see Figure 5.6 a). (b) Shows the
difference between wild type PDE4DS and SUMO mutant of PDE4D5 (K323R) in
interacting with B-arrestins. This association was analyzed by Western blotting with
anti-B-arrestin antibody. (¢) Shows the interaction of wild type PDE4DS5 or SUMO
mutant of PDE4D35 with RACK-1. (d) Shows the association between PDE4DS5 or
SUMO mutant of PDE4DS and ERK1/2. (e) Shows the interaction of wild type
PDE4DS5 or its SUMO mutant with AKAP188. Running position of protein molecular

weight marker and the studied proteins that are associated with PDE4DS are indicated.




Chapter 6

Analysis of Binding Sites on PDE4D5 to B-arrestin, ERK2
and Ubc9
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6.1 Introduction

Individual signaling pathways consist of a number of discrete components. In
many instances individual members of a signaling pathway have been shown to
interact with the components of other signaling pathways, therefore the two or more
signaling systems are integrated and form highly intensive networks to achieve the
integrated function of cells in one organism (Houslay and Milligun 1997). The
complex formations, which involve protein-protein intcractions, take place either
between potential scaffolding/adaptor protcins and signaling proteins or between two
different signaling proteins (Pawson and Scott 1997). The rapidity at which the
reversible interactions can be altered depends on the concentration of constituents and

their affinities for each other.

Our group (sec for review: Houslay and Adams 2003) and, more recently,
others have demonstrated that specific PDIE4 isofotms can interact with a number of
distinct proteins, including signal scaffolding proteins, like B-arrestins (Bolger et al.
2003), RACK (Yarwood et al, 1999), protein kinases like ¢-Src (McPhee et al. 1999),
DISC1 (Miller et al, 2005), XAP2 (Boiger et al. 2003), myomegalin (Varadan et al.
2002), mAKAP (Dodge et al. 2001), AKAP450 (McCahill et al. 2005, Tasken et al.
2001) and ERK (MacKenzie et al. 2000). Such intcractions are thought to provide the
molccular machincry that is responsible for underpinning the formation of

compartmentalized cAMP signaling (Houslay and Baillie 2003).

The signalling scaffold proteins, f-arrestinl and (3-arrestin2 can bind to a site
within the highly conserved catalytic unit of PDE4 isoforms from all four subfamilies
(Bolger et al. 2003). This interaction confers a new feature of the GPCR/B-arrestin
desensitization system, whereby B-arrestin-delivered PDE4 appears to regulate the
activity of PKA at the plasma membrane und thereby rcgulate the PKA
phosphorylation status of the $,AR itself (Lynch et al. 2005). A functional
consequence of this is switching of signalling of the P2AR from activation of adenylyl
cyclase through Gs to activation of ERK through Gi (Baillie et al. 2003). Although all
PDE4 isoforims have the potential to interact with [B-arrestin and regulate AR
phosphorylation by PKA, it has been shown that invariably it is the PDE4D3 isoform
that performs such a role (Bolger et al. 2003; Lynch ct al. 2005). This is because the
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unique 8R8-amino acid N-terminal region of this isoform c¢ontains an additional
interaction site for interaction with B-arrestins, thereby conferring preferential
recruitment of PDE4D3 to complexes with [-arrestin when this isoform is expresscd

in cells.

PDE4 isoforms of the B/C/D families provide a point of cross-lalk that links
ERK?2 activation to the regulation of cAMP signaling (Houslay and Adams, 2003;
Houslay and Kolch 2000). Thus activation of ERK through EGF challenge causes the
rapid inhibition of long PDE4 isolorms that can trigger an increase in cAMP levels. A
functional consequence of this is to allow for activation of PKA, which can
subsequently elicit the phosphorylation and re-activation of long PDI4 isoforms
(Hollmann et al. 1999). That PDE4 isoforms are authentic substrates for ERK
phosphorylation was the discovery thal the PDE4 catalytic unit conlains a consensus
KIM docking site for MAP Kinases as well as a FQF motif that confers specificity for
phosphorylation by ERK rather than JNK (MacKenzie et al. 2000), These sites are
both located in the C-terminal of the catalytic unit of PDE4 and straddle the target
serine residue for ERK2 phosphorylation, which are essential for in vivo binding and
phosphorylation of PDFE4 by ERK2.

In last chapter, I proposed that PDE4DS5 contains a SUMO modification
consensus sequence (YKXE) in the N-lerminal portion of the PDE4 catalytic domain
and that this sequence might be responsible for conferring sumoylation upon PDE4DS5
(Figure 5.4). Ube9, a single E2-type-conjugating enzyme (Melchior 2000), plays an
important role in SUMOQO substrate recognition as it has been shown physicaily
interacting with almost all known SUMO substrate in yeast two-hybrid assays
(Sampson et al. 2001), Although some studies (Sampson et al. 2001) have
demonstrated that Ubc9 directly recognizes substrate proleins, through their wKXE
consensus sequence, it has not been generalized in all YyKXE-containing proteins.
"T'his prompted me to assess the possible binding between PDE4DS and Ubc9 and any
involvement of the putative Ubc9 binding motif on PDE4DS,

Studies on protein-protein intcraction have mainty been analyzed through

immunoprecipitation, pull-down and yeast two-hybrid techniques as readouts. These
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are then coupied to mutation and truncation to gain insight into the binding sequence.
The generation of panels of mutants and truncates requires extensive amounts of work.
Recently, however, peptide array analysis has been developed in order to provide a
novel, powerful and rapid technology to tdentify potential sites of interaction between
proteins (Kramer and Schneider-Mergener 1998). Here I employced this technique,
together with traditional immunoprecipitation methodologies, to evaluate further the

modc of interaction of B-arresting, EKR2 and UbcS with PDE4DS.

6.2 Results
6.2.1 Analyscs of PDE4DS binding to 3-arrestins

PDE4DS preferentially binds [3-arresting compared to other PDDE4 isoforms
{Bolger ¢t al. 2003). Consequently, it is preferentially recruiled to the GRK-
phosphorylated B2AR where it serves to degrade the cAMP in the local environment
of the B2AR (Bolger et al. 2003; Lynch et al. 2005). Such preferential binding of
PDEA4DS5 is because it, uniquely, has two sites for interaction with B-arrestin2, one in

its unigue N-terminal region and another within the conserved PDDE4 catalytic region
(Bolger et al. 2003).

Although B-arvestinl and B-arrestin2 are ~80% sequence identical (Miller et
al. 2001, Figure 6.2), this docs not guarantee that they both interact with PDE4DS in
the same manner. Therefore, | sct out here to assess individual B-arrestinl and [3-

arrestin? binding sites on PDE4DS by using the peptide array analyscs,

6.2.1.1 Purification of GST-B-arrestinl and GST--arrestin2 fusion profeins

In order to carry out the peptide array analyses I first expressed the full-
length B-arrestinl and (3-arrestin2 fused with GS1" in £. Coli and purified them as
described in the Materials and Methods. After each step, equal amount of samples
were collected and all were run in the same SDS-PAGE gel to help trace the progress
of this purification. This gel was then subject to Coomassie Blue to visualize the
proteins, followed by extensive washes in dec-staining butfer to get rid of the
background. Here, 1 show that both B-arrestinl and f-arrestin2 recombinant proteins
are reasonably homogenous, with the size of 73 kDa and 75 kDa, respectively on the

gel (Figure 6.3).
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6.2.1.2 Peptide arrays identify sites in PDE4DS that intcracts with Barrestin2

As a novel and powerful technology, peptide array unalysis is used here to
identify potential siics of interaction between PDE4DS and B-arrestin2. In this,
overlapping peptides (25 mers), shiiled along by 5 amino acids in the sequence and
representing the entire sequence of PDE4DS were ‘spot-synthesized” and immobilized
on cellular membranes (Kramer and Schneider-Mergener 1998; Frank 2002). The
membrane was then overlaid with recombinant P-arrestin2-GST protein and probed
with antiserum fo B-arrestin. A control study was performed with GST alone, which
did not bind to PDE4D5 peptide array. Positive interactions were indicated by
darkspots and negative interactions were indicated by clear areas (Figure 6.4). Here
the peptide array analysis identified two potential binding regions for fi-arrestin2 on
PDE4D3, onc located in the N-terminal region of PDE4DS and the other in the
common catalytic region (Figure 6.5). Previous progressive N-terminal truncation
analysis inferred that amino acids 70 through 88 in PDE4DS5 were important for 3-
arrestin2 binding (Bolger et al. 2003). The evident intcraction of f-arrestin? with
peptide 13, which encompasses amino acid 61-85 of PDEA4DS, is entirely consistent
with this (Figure 6.5). Howevcr, I show here that -arrestin2 may actually bind a
much wider part of the unique N-terminal region of PDE4DS35, extending from amino
acid 11 through to 85, as indicated by the positive signal from peptide spots 3 through
to 13 (Figure 6.5). Thus, my peptide array analysis suggests that $-arrestin2 may bind

o an extended surface across the unique N-terminal region of PDE4DS.

Previous analyses also indicated that P-arrestin2? was able to bind to the C-
terminal portion of PDE4DS5 catalytic region, namely the EKFQFELTLEE sequence,
which extends from amino acid 668 through to 678 (Bolger et al. 2003). This
sequence is cognate (o that found in other PDE4 isoforms, and therefore considered as
the common binding site for B-arrestin2 (Bolger et al. 2003). Here, my peptide array
analysis provides an independent support for this finding (Figure 6.5), because -
arrestin? is clearly shown to interact with four sequentially located peptides (132-135)
in the PDIE4D5 array library whose sequence share the common motif
EKFQFELTLEE. Consistent with the importance of the components of such a motif,
peptide 131, which lacks the LEEDG sequence found in peptide 132, and peptide 136,
which lacks the FQFEL scquence, show no binding to PDE4D35, and peptide 135 that
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lacks the GQTEK sequence appears to show a considerable diminution in the signal

for interaction of [J-amestin2 compared to peptide 134,

6.2.1.3 Peptide arrays identify sites in PDE4DS5 that interacts with B-arrestinl
The peptide array data obtained from the detection of PDE4DS binding to [3-
arrcstin2 supports and extends previous studies, therefore validating the application of

this approach to assess PDEADS binding to proteins,

To date there is no evidence detailing the B-arrcstinl binding sites on
PDE4DS. T wished to see if B-arrestinl interacts with PDE4D3 in the same manner as
B-arrestin2. Here I show that B-arrestinl binds to PDE4DS on the same sites as f3-
arrestinZ and exhibits cxactly the same interaction pattern (Figure 6.5). This might be
explained by the high scquence homology between B-arrestinl and f-arrestin2 (~80%)

{Miller et al. 2001, Figure 6.2).

6.2.1.4 Scanning substitution idenfifies individual amino acids on PDE4D5 that
require for it to interact with B-arrestin2

Scanning alanine mutagenesis in yeast two-hybrid and pull-down assays is a
commonly used analytical method to identify the sites of interaction between proteins.
Recently, a new, but cognate, procedure where the peptide array analysis is applied
has been developed in our faboratory. This involves the sequential single substitution
of successive amino acids in the sequence of the 25 progeny of parent peptide of
interest to alanine to form the scanning peptide array (Figure 6.4). Identical
procedures are carried out, as described above, for detection of interaction. This
approach aids in the identification of particular amino acids where substitution for
alanine can negate interaction of the 25-mer peptide with overlaid GST-fusion

proteins.

Since B-arrestinl and $-arrestin? show the same binding sites on PDE4DS5
(Figure 6.5), 1 chose B-arrestin2 as a representative to further evaluate the interactions

between PDE4DS and B-arrestin2.

During the time when I was studying the interaction between PDE4DS and [3-
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arrestins, the interaction between RACK1 and PDE4DS was analyzed by my
colleague (George Baillie) using the samc peptide array technique. The peplide spot
indicating the binding PDE4DS with RACKI[-GST came out positive in the N-
terminal region of PDE4DS. This is consistent with previous truncation and mutation
data identifying an interaction site for RACK] in the unique N-terminal region of
PDE4D5 (Steele et al. 2001). However, interestingly, this peptide spot (spot 5) falls
into the N-terminal PDE4DS5 binding region for B-arrestin2 that [ identified in my
studies (Figure 6.3). T set out then to perform further analysis of peptide spot 5 to
identify important amino acids used by PDE4DS to interact with either P-arrestinZ or
RACKI1. Thus, [ used alanine scanning substitution of the 25-mer peptide representing
amino acids 22-45 (spot 3) of PDE4DS5 to define the (3-arrestin2-PDE4DS interaction.
This alanine scan demonstrated that the interaction was either ablated (L33, R34) or
severely attenuated (N26, E27, D28, L29, V30) when the indicaled amino acids were
changed to alanine (Figure 6.6 a). These data might help explain why f3-arrestin2 and
RACK! bind in a mutually exclusive fashion to PDE4DS.

In order to gain further insight into the interaction of B-arrestin? with
PDE4DS5 catalytic domain, again I used scanning alanine substitution, this time of a
peptide representing amino acids E660-F685 (spot 133 on parent peptide array) wilhin
the catalytic unit of PDE4DS (Figure 6.6 b). The alanine scanning array of parent spot
133 was overlaid with f-arrestin2-GST, followed by the detection of P-arrestin2 using
antiserum specific to [-arrestin on the array, Here 1 show that substitution, with
alanine, of any one of F670, ¥672, E673, L674 and 1676 led to either ablation or
severe altenuation of the inferaction with B-arrestin2 (Figure 6.6 b). This shows
considerably agreement with the prediction of the importiance of this region for the

binding to B-arrcstin 2 as deduced from bioinformatic analysis (Bolger et al. 2003).

0.2.2 Analysis of PDE4DS association with ERK2
6.2.2.1 Expression and purification of GST-ERK2 fusion proteins

Full length ERK?2 fused with GST was expressed in E. Coli and subject to
purification as described in the Materials and Methods. A smali sample from cach step
was mixed with 2x sanple buffer and loaded in 4-12% SDS-PAGE gel. The

progression of this purification and the purity of the GST-ERK2 fusion proteins was
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visualized with 2 hour-Coomassie Bluc staining, followed by extensive wash in de-
staining buffer. 1 show here that GS'T-FRK2 recombinant protein was purified to

homogeneity, with a size of some 67 kDa on the gel (Figure 6.7).

6.2.2.2 Selective immunoprecipitation identifies the association between PDE4D5
and ERK2

PDE4D3 has been shown to have FQF and KIM docking sites for
extracellular signal-rclated kinase 2 (ERK2) (p42M47K) (MacKenzie et al. 2000),
which confers PDE4 binding to ERK2 and is essential for ERK?2 to phosphorylate
PDE4 in intact cells. PDE4DS is a long PDE4D isoform that differs from PDE4D3
solely by virtue of its unique N-terminal region arising through alternative mRINA
splicing (Bolger et al. 1997). It thus shares with PDE4D3 a consensus site f{or
phosphorylation by ERK2, in this case S651 in the motif PQSP, as well as the two
EKR docking motifs (Hoffinann et al. 1999), Although S651 on PDE4DS has becn
proven to provide a substrate for C-terminal catalytic domain phosphorylation by
ERK2 (Holfmann ct al. 1999), the potential binding region of PDE4DS5 with ERK2
has not been validated through direct experimentation. Therefore, 1 set out here to
examine the domains and specifically, the amino acids that are important for ERK2
interaction with PDE4DS5.

In order to evaluate potential ERK2 binding to PDE4DS5, 1 examined
immunopurified complexes from HEKB2 cells. Transfected PDE4DS5-VSV was
immunoprecipitated with VSV affinity beads, followed by western blotting to probe
for ERK2. Control experiments were done with the equal amount of proteins from
lysates of cells that were not transfected to express PDE4D3-VSV, Here, I identified
endogenous ERK2 co-immunoprecipitating with PDE4DS (Figure 6.8). This shows
that PDE4DS can directly bind to ERK2. A specific VSV antibody was also used to

probe the immunoprecipitates to confirm the pull-down of recombinant PDE4DS5-VSV,

6.2,2.3 Peptide array analysis identifies the interaction sites for ERKZ on
PDE4DS

To explore further the ERK2 binding sites on PDE4DS5, 1 again performed
peptide array analyses. Full length PDE4DS5 peptide library was overlaid with 10
ug/ml of purified recombinant ERK2-GST protein. Bound GST-ERKZ2 was then
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detected with an anti-ERK2 antibody, the procedure of which is identical to that
employed using western blotting. A conlrol study was also performed with GST alone,
which did not bind to thc PDE4D35 peptide array. That MAP Kinase docking element
facilitates the substrate phosphorylation by MAPK. was firstly formulated by Michael
Karin (Karin 19953) and this idca is now well accepted and proven. The KIM domain
potentially allows interaction of either JNK or ERK, however, the presence of the
FQF domain confers specificity for ERK docking. Such an FQF domain is generally
located some 5-30 residues carboxyl-terminal to the ERK2 phosphorylation site (see
Review: Sharrocks et al. 2000). In PDE4D5, the putative ERK?2 specificity motif,
namely the FQF motif, is located some 19 amino acids COOH-~terminal to S651, the
target for ERK2 phosphorylation (Mackenzie et al. 2000; Houslay and Adams 2003),
Here, my peptide array analysis provides additional experimental support for such a
contention (Figure 6,9). Thus, the ERK2 probe clearly interacts with four, sequentially
located peptides (131-134) in the PDE4DS5 array whose sequence contains the FQF
motit, Consistent with the importance of such a molif, I show here that there was no
interaction of ERK2 with peptide 130, which lacks the Q, the second and the third
amino acid in the FQF sequence (Figure 6.9). This indicates that the last two amino
acids in FQF are crucial to allow for PDE4DS5 interaction with ERK2, Additionally,
there appears an evident ablation in the signal for interaction of ERK2 with peptide
135, which lacks the fisst two amino acids FQ, indicating the importance of these two
amino acids for ERK2 to bind PDE4D35 (Figure 6.9). Combined together, the peptide
array analysis suggests that the sequence of PDE4DS, extending from amino acid 650
through to 690 contributes its ERK2 binding, in which FQF infegrity seems crucial,

consistent with previous hypothesis (MacKenzie et al. 2000).

However, a KIM domain is clearly present in the catalytic domain of
PDE4DS3, located some 122 amino acids C-terminal to the ERK phosphorylation site
S651, and has been shown to be functional by mutation analysis {(MacKenzie et al,
2000). Despite this, no peptides that represent partial or entire KIM domain of
PDEA4ADS were observed to interact with GST-ERK2 when probing PDE4DS with
ERK2-GST in the peptide array analysis (Figure 6.9). This suggests that the peptides
in the array do not fold appropriately to form a functional KIM binding site and that
other interaction are necessay in the folded protein so as to present an effective KIM

site, Indeed, the KIM site is clearly lcolated on an exposed beta-hairpin loop in the
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folded intact catalylic unit (Houslay and Adams 2003). It may be that atiributes from a
folded catalytic unil are required for the KIM motif to be presented appropriately in
the form of a beta-hairpin Ioop. This does signify that peptide arrays can have

limitations in identifying binding sites that require compiex folded structures.

6.2.2.4 Scanning substitution identifies individual amino acids in the PDE4D5
required for it to interact with ERK2

My peptide array analyses have demonstrated that the sequence in peptide
133, as well as binding p-arrestin2, is also involved in the binding of ERKZ (Figure
6.9). In order to define this interaction further for ERK, 1 again used alanine scun
substitution. This time of the 25-mer peptide, representing amine acids E660 to E685
in PDE4DS. GST-ERK2 fusion proteins were incubated with this alanine scan array of
original peptide 133, followed by detection with an anti-ERK?2 specific antibody. This
demonstrated that the interaction was cither ablated (G662, R663, ¥670, 672, EG73,
L674, T675, 1.676, E677) or severely attenuated (E661, Q664, G665, E678, D679)
when the indicated amino acids were changed to alanine (Iigure 6.10). These cover a
broad span of PDE4ADS C-terminal catalytic domain that also binds B-arrestin2 and
includes the amino acids that seem to be essential for B-arrestin2 binding to PDE4DS5,
such as F670, F672, E673, 1L.674, and L676 (Figure 6.6 b). ‘These data suggest that
ERK2 and [-arrestin2 might compete for interaction within the catalytic unit of
PDE4DS.

Odyssey analysis provides another novel and sensitive technology to assess
the interactions between proteins. Odyssey system uses two infra red detection
channels that can be used to detect the signal of two different antisera with different
wavelength tags to analyze simultancously signals. This can be used to analyse
nteractions involving the array peptides with two proteins of interest. This extension
from its traditional application of probing SDS-PAGE gels, allows mc to show here
that Odyssey analysis is ideal to cvaluate binding of P-arrestin2 and ERK2 to
PDEADS peptidc arrays.

The alanine scan array of PDE4DS peptide 133 was cxposed to equal molar

amount of B-arrestin2 and ERK2-GST {usion proteins and the binding of these
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proteins to the PDE4D3 peptide alanine scan array was achieved using both an anti-3-
arrestin2 rabbit antibody and an anti-ERK2 mouse antibody, each linked {o distinct
secondary antiserum labeled with different wavelength probes. I here identified -
arrestin? {green) and ERK2 (red) associating with specific peptide spots representing
the alanine scanning substitution array in single channcl analyses using the Odyssey
system (Figure 6.11 a). I then combined signals from both channels as an overlay.
Analysis using merged channels identified peptide spots with predominant or solely
B-arrestin2-PDE4D3S complexes (indicated in green), those with predominant or solely
ERK2-PDE4DS5 complex {indicated in red) and those with mixed populations of -
arrcslin2-PDE4D35 and ERK2-PDE4DS (indicated in yellow). Those not interacting
with either P-arrestin2 or ERK2 gave a null result (black} (Figurc 6.11 b).
Interestingly, it shows there that only with F670, F672, L674 and 1.676 was the
binding of these two fusion proteins simultancously ablated (Figure 6.11 b; black).
This indicates that these amino acids provide a common docking site on the PDE4

catalytic unit for both B-arrestin2 and ERK2.

6.2.3 Analyses of PDE4DS binding to Ubc9

6.2.3.1 Selective immunoprecipitation analyses indicate PDE4DS binds to Ubc®
Analysis of the PDE4D5 sequence led me note that its catalytic domain
contains an eligible SUMO modification consensus sile, namely wKXE, which is of
VKTE (Jehnson 2004), Many of the SUMO target proteins that contain this minimal
sequence have been shown to directly intcract with SUMO-conjugating enzyme Ubc9
(Sampson et al. 2001) through this motif. Thus, I set out to examine if this was the
case for PDE4DS by employing immunoprecipitation experiments to address this

possibility.

Endogenous PDE4D3 and PDE4DS were selectively immunopurified from
HEKB2 cells with an antiscrum specific to PDE4D. Control experiments were
performed using HEKB2 cells subject to PDE4D knockout using siRNA. Doing this 1
found endogenous Ubc9 was detected in the immunopurified complex from HEKB2
cells, but not in control cclls where the expression of PDE4D was ablated by siRNA-
mediated knockdown (Figure 6.12). No such association between PDE4DS5 and Ubc9
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was detected when pre-immune serum was used (ogether with Protein G beads as a
control (Figure 6.12). These data suggest that PDE4D, represented by PDE41D3 and
PDEA4DS in HEKB2 cells, can interact with Ubce9. However, these data do not prove
that this occurs in a direct manner, as other linker proteins may bc present in
immunoprecipitates form whole cell lysates. Further pull-down studies using Ubc9-

GST and PDE4DS-MBP are therefore required to show if the direct interaction exists.

6.2,3.2 Purification of GST-Ubc9 fusivn proteins

Recombinant UbcY protein fused with GST was expressed in E. Coli and
subject to purification as described in the Materials and Methods, Equal small amount
of samples from each step was taken and mixed with 2x Sample Buffer, followed by
electrophoresis performed on 4-12% gel. The progression of the purification, as well
as the purity of GST-Ubc9 proteins in each step were visualized by Zhr Coomassie
Blue staining and the following exicensive wash in de-staining buffer. T show here that
GST-Ubc? recombinant protein is purified as homogenous protein, with the size of

some 40 kDa on the gel (Figure 6.13).

6.2.3.3 Peptide arrays identify sites in the PDE4DS5 that interacts with Ubc9

Although the immunoprecipitation data obtained above demonstrates, for the
first time, association between PDE4DS and Ubc9, it does not provide evidence of
dircet interaction and does not indicate the nature of any putative binding site for
Ubc9 on PDE4DS5 if binding was direct. Therefore, I again used peptide array analysis
to provide evidence for a possible direct interaction and to provide details as to what
region of PDE4NS might interact with Ubc9. Here, I show that the Ubc9 probe clearly
interacts with two distinet regions in PDE4DS, both of which are located C-terminal
to the PDE4DS5 potential sumoylation site at K323,

Region 1 is composed of spot 75, 76 and 77, whose amino acids extend from
371 through to 405. Region 2 is composed of spot 132, 133, 134 and 135, whose
amino acids extend from 6535 through to 695. The second binding region is
reminiscent of that for both B-arrestin2 and ERK2 binding, whose sequencc contains
the EKFQFELTLEE motif and extends from amino acids 656 Lo 695. The integrity of
the EKFQFLTLEE motif seems important for the Ubc9 binding on PDE4DS5 as I show
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here that there was no reaction of Ubc9 with PDE4DS peptide 131, which lacks the
LEEDG sequence found in peptide 132 (Figure 6.14). This indicates that at least
certain of these amino acids are crucial to allow for PDE4DS interaction with Ubc9.
Additionally, there seems a considerablc diminution in the signal for interaction of
Ubc9 with peptide 135 compared to peptide 134 (Figure 6.14), implying the
importance of amino acids within the QTEK sequence. Interestingly, Ubc9 shows no
interaction with peptide 136 whose sequence does not contain the FQF domain. These

data indicate that FQF domain is required for PDE4DS35 to interact with Ube9,

6.2.3.4 Alanine scanning substitution identifies individual amino acids in the
PDE4DS5 catalytic region that may contribute to a binding site for Ubc9

In order to gain further insight into the interaction of Ubc9 with the PDE4DS
catalytic unit, I used scanning alanine substitution of a peptide representing amino
acids P376 to N400 of PDE4DS (from parent peptide 76, which shows strongest
interaction) and a peptide representing amino acids E660 to E685 (irom parent
peptide 133, which has been shown to interact with B-arrestin2 and ERK2) of
PDE4DS35 (Figure 6.15). These two alanine scanning arrays were incubated with GST-
UbcH and then probed with a specific anti-Ubc9 antibody. Here, I show that in the
spot 76 alanine scanning array, interaction with GST-UbcO was either ablated (Y383,
Y391) or severely attenuated (L387, E388, D394, Y367, N400) when the indicated
amino acids were changed to alaninc (Figure 6.15 upper pancl). This suggests that
these amino acids may be important for Ubc9 binding to PDE4DS3. In the spot 133
alaninc scan array, 1 show that substitution, with alanine, of any one of F670, F672,
E673, L6674, L676 and E677 led eilther to ablation or scverc attenuation of the
interaction of GST-UbcY9 with PDE4D5 (Figure 6.15 lower panel), This result has
strong similarity to the mode through which both $-arrestin2 and ERK2 interact with
PDE4D5 at this site. Specifically, my data suggests that a core, common binding
surface for f-arrestin2, EKR2 and Ubc9 is provided by F670, F672, 1.674 and L676.
Thus it is likely thal B-arrestin2, EKR2 and Ubc9 bind in a mutually exclusive fashion
to PDE4DS, providing the molecular basis for sequestered distinct ‘pools’ of PDE4DS5.

6.2.4 Analyses of 3-arrestin2 binding to Ubc9

Analysis of the sequence of full-length B-arrestin2 led me to note a potential
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sumolylation sitc at K295 residue located with a SUMOQO consensus sequence (WKXE),
which takes the form of LKIIE in B-arrestin2. This minimal consensus sequence,
reminiscent of that in PDE4DS (VKTE; see above), might also be able to interact with
UbcY and thus promote -arrestin2 sumoylation of B-arrestin2. Therefore, 1 set out

here to evaluate any potential interaction between [-arrestin2 and Ubc9.

6.2.4,1 Peptide array and scanning substitution array identify sites in the B-
arrestin2 that may allow interaction with Ubc9

[ probed f-arrestin2 peptide arrays with Ubc9-GST and discerned clear
interactions between Ubc9® and fwo separate regions on [B-arrcstin2. Region 1 is
composed of the amino acids from spot 36 to 39, whose sequence extends from amino
acid 176 through to 215. Region 2 is indicated by interactions with spot 74 and spot
75, whose sequence spans aming acid 366 through to amino acid 395 in [-arrestin2,
Region 1 extends from the C-terminal part of the 3-arrestin2 N-domain through to the

N-terminal portion of its C-domain, whilst Region 2 is located in the C-domain.

In contrast to the iwo putative regions of PDE4DS that bind Ubc9, the two
putative interaction sites on [-arrestin2 for Ubc9 straddle the potential target
sumoylation K295 residue within the consensus wKXE meotif (LKHE, Figure 6.10).
Such potential binding sites may then promote sumoylation at the K295 site. It would
be intercsting 1o asscss if this is the case as it has been previously shown that ERK2
uses this strategy to dock on PDE4D3, which lacilitates the phosphorylation of
PDE4D3 on the straddled serine residue (8579) (MacKenzie et al. 2000). Compared
to spots 74 and 73, the adjacent spots 73 and 76 did not show any interaction with
Ubc9. This indicates that the sequence IVFED found in spot 74, but not in spot 73,
and the sequence I'NLIE found in spot 75 but not 76, may also contribute to the
binding of Ubc9 to B-arrestin2.

In order to guin further insight into spccific amino acids that might be
directly implicated in the interaction of (-arrestin2 with Ube9 I, aguin, employed
alanine scanning substitution analysis, In this instance I analysed the region bounded
by amine acid 186 through aminoe acid 210 and the region extending from amino acid

371 through to 395, In the first binding region, T showed that substitution of any of
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F191, S197, 1.204, E207, L208, Y209 and Y210 ablated interaction with Ubc9, while
substitution of single L192, S194, D195, R196, L198, 1200 or D205 severely
compromised Ubc9 binding. In the second binding region, 1 demonstrated that ¥376,
Y380, F388, D390, F391, 1.394 and R395 were important for Ube9 binding, as their
single substitution to alanine either ablated or severely attenuated the binding to Ubc?
(Figure 6.17). Due to the time left for me to finish my Phb, [ did not perform any
mutagenesis of these potential sties to confirm their binding importance, but it is

essential that this is done,

6.3 Discussion

A key feature of PDE4 family members is their ability to interact with a
variety of signaling or signaling scaffolding proteins (Houslay and Adams 2003).
Members of all four PDE4 sub-families have been shown to bind to f-arrestin in pull
down assays (Perry et al. 2002) and the binding regions were subsequently mapped to
their conscrved catalytic domains in two-hybrid assays (Bolger et al. 2003). However,
PDE4DS5, a long PDE4 isoform, has been shown to bind preferentially to p-arrestin
because it has an additional sitc within its unique N-terminal region that can bind to 3~
arrestin. Thus p-arrestin-tethered PDE4DS is preferentially delivered to agonist-
stimulated, GRK-phosphorylated B2ARs where it serves to degrade local cAMDP
{Lynch et al, 2005). In the studies described here, T have used a novel methodology to
show that PDE4DS5 is able to bind to B-arrestin through a broad surface on its unique
N-terminal region, as well as through a domain in its catalytic unit. 1 also show that
the region in the catalytic region of PDE4DS that B-arrestin binds to is likcly to form a
multi-functional docking site as both EKR2 and UbcY also bind to this region. My
studies suggest that the binding of B-amrestin, ERK2 and UbcS to PDE4DS5 will be
mutually exclusive and thus these interacting proteins may act to sequester distinct

pools of PDE4DS that each has particular functional roles.

PDEADS has a unigue 88 amino acid N-terminal domain that is able to
interact with the signaling scaffolding protein B-arrestin (Boiger et al. 2003). Previous
studies, using progressive N-terminal truncation analyses, inferrcd that amino acids 70
through to 88 in PDE4D3 were involved in its unique binding to -arreslin compared

to other PDE4 isoforms (Bolger et al. 2003). However, using a novel peptide array

200




approach, 1 show here that B-arrestin can actually interact over an extended surface of
the unique N-terminal region of PDE4DS, This surfacc appears to extend from amino
acids 11 through to 85 in PDE4DS (Tigure 6.5). Interestingly, it has been previously
shown that RACKI, an exclusive binding partner of PDE4D35, interacts with PDE4DS5
N-terminal region via RAIDI, whose sequence spans amino acids 23 through to 44
(Bolger ¢t al. 2002). Therefore, it appears that B-arrestin and RACK1 might campete
to bind to PDE4DS5 in this region and interact with PDE4D3 in an exclusive manner.
Although ¥ did not perform further the experiments to prove this hypothosis, work
done at the same time in the Houslay laboratory has provided evidence to prove that

this is indeed the case (Bolger et al. 2006).

Previously, analysis of N-terminal truncation (Bolger el al. 2003) indicated
that only when the last 18 amino acids of the 88 amino acid N-ferminal rcgion of
PDEA4DS were deleted was the increased interaction with PB-arrestin delimited. The
peptide array analysis reported here is not only consistent with this portion of
PDE4DS5 being involved, but also implies that part of the previously N-terminal
truncated portion also might provide an intcracting surface. Thus, it might be expected
to see that progressive N-terminal truncation within this newly-identified p-arrestin-
intcracting rcgion of PDE4DS will likely yield constructs with gradually diminishing

affinities for [3-arrestin2.

During my investigation, others in the Houslay Laboratory assessed
competition between RACK1 and B-arrestin for binding to PDE4DS (Bolger et al.,
2006). In my studies [ focused on the amino acids 21-45 (peptide 5; Figure 6.5),
which includes RAIDI and to which $-arrestin also binds. Scanning array analysis of
peptide 5 indicated a number of amino acids within a motif of **NEDLVxxLR*, as
being important for PDE4DS-B-arrestin interaction (Figure 6.6 a). Interestingly,
previous N-terminal truncation of this sub-region had not been shown to overtly
compromise  PDE4D5-B-arrestin - interaction in  cither  two-hybrid  or
immunoprecipitation studies (Bolger ¢t al. 2003), whilst cerfain point mutations
within this region could (Bolger et al 2006). This seeming discrepancy can be
explained if mutation of certain amino acids in this sub-region acted to trigger

extensive changes in the conformation of the N-terminal portion of PDE4DS us a
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whole such that B-arrestin binding site there was ablated/compromised. Thus, whilst
mutations in this sub-region can cause loss of B-arrestin binding, its deletion does not
ablate binding. It may, of course, affect affinities for interaction. However, such

binding analyses would require a great deal of resource to undertake.

Previous truncation analyses indicated that B-arrestin binding region within
the PDE4 catalytic unit was located between amino acid 662 and 683 of PDI4DS5
(Bolger et al. 2003). Here, my peptide array analysis shows that -arrestin2 interacts
with the catalytic domain of PDE4DS in a sequence that spans Ala655-Glu694 (Figure
6.5), which contains the EKFQFELTLEE motif conserved in all PDE4 sub-families.

The alanine scanning peptide array analysis clearly provides « rapid and
effective way of identifying the potential amino acids that are important for protein-
protein interaction, which has been shown to provide a powerful approach in the
present studies. Scunning alanine substitution arrays identified 670, F672, E673,
L674 and 1.676 in PDE4DS5 as being involved in this interaction (Figurc 6.6 b). Indeed,
this region was previously implicated as being located in sub-domain 3 of the PDE4
catalytic unit as deduced from the bioinformatic analysis (Boiger et al. 2003).
Interestingly, the presence of an FQF motif has been demonstrated in all authentic
ERK substrates and suggested 1o be recognized specifically by ERK but not JNK
(Sharrocks et al. 2000). Such an FQF motif is found in helix-17 of the PDE4 catalytic
unit and shown to provide a docking sitc for ERK interaction and essential for its in
vivo phosphorylation (Mackenzie et al. 2000). My peptide array analysis provides an
independent experimental support for such a contention (Figurc 6.9). Here 1 show that
PDE4DS binds to FRK2 through a sequence that encompasses amino acids 650-690
of PDE4DS5, which contains the EKFQFELTLEE motif that was also found in (-
arrestin binding (Figure 6.5). In addition to this FQF motif, another putative ERK
docking site, namely the KIM motif, the consensus sequence of which is proposed as
(VL)X (R/KNR/K)X; 6], and is found in various ERK transcription factor substrates,
has also been suggested to mediate the interaction of PDEA4D with ERK2 (MacKenzie
et al. 2000). In the case of PDE4D3, mutation of the core residues of KIM
(K455/K456) stops its association with ERK2 (MacKenzie et al. 2000). In PDE4DS,
the KIM muotif is located 122 residues N-terminal to the ERK target Ser651 residue,
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which can be recognized by all MAP kinases. However, this region, the entire
sequence of which is found in peptides 104 and 105 did not seem to interact with
FERK2-GST in the peptide array analysis. This ig in contrast with the observation of
PDE4D3 inicraction with ERK2, where both KIM and FQF are crucial for their
binding and mutation of either of them would lead to the loss of interaction
(MucKenzie et al. 2000). As the peptide array technique bears limitations whereby the
peptides sometimes are not able to fold properly on the cellulose membranes,
therefore negating the potential protein interactions, it is likely that the KIM-
containing peptide of PDI4DS5 did not fold properly to form a binding surface as in
the crystal structure this motif is on a defined beta-hairpin loop and so such a structure
may be needed to present the residues appropriately. ‘Therefore, it is necessary to see if
the truncation or muiagenesis studies in co-immunoprecipitation and two-hybrid

assays produce the same resuits.

As the focus of the present study was on the possible competition between p-
arrestin2 and ERK2 for binding to PDE4DS3, I focused on amino acids 660-685
(peptide 133; Figure 6.9), which includes FQF and to which B-arrestin2 also binds
(Figure 6.5). Interestingly, alanine scanning of this region indicates a series of amino
acids that appear to be impottant for thc PDE4D5-ERK2 interaction (Figure 6.10),
Unexpectedly, the amino acids that arc crucial for PDE4))5-B-arrestin binding are
subset of those important for PDE4D5-ERK?2 binding (Figure 6.6 b and 6.10). 'I'his
suggesls a potential for compctition. In order to explore this, I performed peptide
competitive binding experiment on PDE4ADS alanine substitotion array (660-685) by
using Odyssey system. This analysis shows that under conditions when p-arrcstin2
and ERK2 are present at identical molar concentration in the assay, F670, F672, L674
and L1676 are all crucial for the binding of PDE4D35 to both -arrestin2 and ERKZ2,
additionally supporting the hypothesis that -arrestin2 and ERK2 compele to bind
PDE4D35 (Tigure 6.11).

Both peptide array analysis (Iigure 6.14) and co-immunoprecipitation assays
(Figure 6.12) demonstrate that PDE4D35 can bind to the SUMO-conjugating enzyme,
Ubc9 (Hay 2005). Peptide array analysis identifies two regions on PDE4DS that are

involved in its ability fo bind to Ubc9, both of which are located downstream to the
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putative SUMO modification consensus motif wKXE, with the form of VKTE in
PDEDA4DS5 (Figure 6.14). Inhiguingly, the second intcraction domain falls into the
region of sequence that spans amino acids 655-695, to which both B-arrcstin2 and
ERK2 bind (Figure 6,5 and 6.9). This implies that by interacting with this sub-domain
on PDE4DS, B-arrcstin2, ERK2 and Ubc9 might compete for the same docking site.
Alanine scanning substitution arrays of this sequence, which cxtends amino acid 660-
685, supported such a hypothesis as substitution of any amino acid within the cluster
F670, F672, L674 and L676 led to the evident ablation of the interaction between
PDE4DS and Ubc9. This concurred with observations assessing binding of both -

arrcstin and ERK2 to this scanning array set (Figure 6.15).

As shown here, the region representing amino acids EG60 to E685 in
PDE4D35 shows remarkable importance for the binding of B-arrestin, ERK2 and Ubc9.
Fusther insight into the mode of the folding of this region might be gained by 3-D
analysis of the crystal structure, At present, there is little structural literature available
for the region cognate to the portion from Phe670 to Leu676 of PDE4DS. However,
two crystal structurcs for a fruncated PDE4B2 cnzyme, namely (1FOT) (Xu et al, 2000)
and 1XM6 (Card et al. 2004), extend as far as residues 672 and 677 cognate in
PDEA4DS5, respectively, The PDE4D C-terminal stretch, involving amino acids 324-
677 in PDE4D5, shows 85% sequence identity 1o the cognate region in PDE4B. This
allowed our collaborators to build a structural homology model of this portion of
PDE4D using the PDE4B structures as templates (Figure 6.18). Both templates taken
together indicate that the scquence corresponding to SOEEGRQGQTEKE Ql""ELTLl‘i677
in PDE4D35 formed an a-helix-containing structure (helix-17) that is separated {from
helix-~16 by a flexible linker. However, the alignment of helix-17 within the catalytic
domains in both templates is different, In the 1F0J structure, which is for a truncated
PDE4B the helical region equivalent to PDE4DS 316-672, does not make any packing
contacts with the core catalytic domain of its parent protein molecule, although it
juxtaposes a symmetry-related molecule in the crystal structure (Xu et al. 2000). This
might suggest that helix-17 is connected to the compact core of the catalytic unit by a
flexible linker region rather than packing tightly onto the core catalytic domain.
Interestingly, in the 1XMG structure, which is for a truncated PDE4B enzyme
equivalent to PDE4DS 295-692, helix-17 is folded across the mouth of the catalytic




pocket, trapping the PDE4 inhibitor, mesopram inside (Card et al. 2004). This would
likely be a catalytically inactive form and exemplifying an extreme case. However, it
is consistent with helix-17 being able to be mobile rather than fixed, which would be
important for a multi-functional docking region. Consequently, two models for
PDE4DS containing this vegion were constructed. In the model based upon 1FOJ
(Figure 18), helix-17 is conformationally mobile and does not interact with the
catalytic domain. The residues involved in P-arrestin2, ERK2, and Ubc9 binding,
namely Phe670, Phe672, Leu674 and Leut76 form a semi-circular patch on an
exposed surface located upon one side of the C-terminal part of helix-17. It is
therefore likely that this part of the surface of helix-17 physically interacts with, as
appropriate, either ff-arrestin or ERK2 or Ubc9. On the other hand, the PDE4D model
based on the 1XM6 structure presents the ability of helix-17 to fold across the
opening of the catalytic site. In this arrangement, a key residue necded for the binding
of each of B-arrcstin, ERK2 and Ubc9, namely Leu674 is entirely packed against the
catalytic domain (Figure 6.18). This partially occludes the surface implicated in
binding of $-arrestin, ERK?2 and Ubc9. Therefore, it secms likely that if helix-17 does
normally abut the catalvtic site, then some modification needs (o trigger its movement
away [rom this surface so as to expose helix-17 for interaction of these proteins and to
allow access of cAMP substrate and inhibitors to the active site. Thus a model bascd
on 1F0J, which provides an open docking site for P-arrestin2, ERK2 and Ubc9Y to
compete for binding and appears to be most likely to reflect the normal state of
PDE4DS5. The flexibility of helix-17 linker may be needed so that it can adopt
different conformations when docking of these other molecules occur that have a
second interaction site elsewhere on the PDE4DS5 surface. It may also allow for
regulation of binding and also for selectivity in binding, cspecially if regulated in

some way, such as by phosphorylation,
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Figure 6.1 Schematic of long isoform PDE4DS5.

Long isoform PDE4DS3 is unique in its N-terminal region which is responsible for its
interaction with other proteins and subcellular localization. The figure depicts the
regions where PDE4DS uses to bind to a variety of proteins. RAIDI, RACKI
Interacting Domainl; UCRI1, Upstream Conserved Region 1; UCR2, Upstream of

Conserved Region 2; yKXE, SUMO modification consensus sequence.
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Figure 6.2 Sequence alignments of the residues of full-length B-arrestinl and [3-

arrestin2.
The full-length sequence of human B-arrestinl and full-length B-arrestin2 are aligned

by ClustalW software. Conserved amino acids are indicated in black and the varied

amino acids are indicated in grey. B-arrestin, [B-arrestinl; B-arr2, [B-arrestin2.
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6.3 Over-expression and purification of recombinant proteins of GST-B-arrestinl
and GST-B-arrestin2.

GST-B-arrestinl and GST-B-arrestin2 were over-expressed at 37°C in E. Coli DH5a
cells by induction with 1mM IPTG. Samples from different stages of the Glutathione
Sepharose column purification process (see section 2.2.5) were separated on a 4-12%
SDS-PAGE gel stained with Coomassie brilliant blue. Expression of GST-f3-arrestinl
and GST-B-arrestin2 are indicated as arrows. Free GST present in the final elute is
also indicated as arrows. Molecular weight markers are shown with sizes indicated in
kDa. The listing numbers are indicated as follows: 1, before induction; 2, 5 hr after
induction; 3, before elution with glutathione buffer; 4, glutathione sepharose beads
alone; 5, after elution with glutathione buffer. The observed molecular weight of full-
length (a) GST-B-arrestinl on SDS-PAGE is ~75 kDa; full-length (b) GST-f3-arrestin2
on SDS-PAGE is ~73 kDa.
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Figure 6.4 Detection of protein-protein interaction by using Peptide Array
Analysis and subsequent Alanine Substitution Analysis.

Upper panel shows how peptide array analysis works. GST fusion protein was
overlaid onto the cellulose membrane that contains the overlapping peptides (25 mers),
each shifted along by 5 amino acids in the whole sequence of the protein of interest.
This interaction was detected with the antiserum against the protein that was fused
with GST. Spots were blank, indicative of null interaction. Spots were dark, indicating
the positive interaction. The numbers ahead of each peptide indicate their order in the
array. Lower panel shows how alanine substitution analysis works. The amino acids
from the parent peptide shown positive in upper panel were singly and successively
substituted to alanine, except the amino acid alanine which needed changing to be
aspartic acid. Similar to the procedure of peptide array analysis, GST-fused protein
was overlaid and detected by its specific antiserum. The wild type parent peptide was

used as a control (1).
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Figure 6.5 Probing PDE4DS5 peptide array for B-arrestin2 interaction sites.

PDE4DS5 is shown schematically with its unique N-terminal region, UCR1, UCR2,
catalytic region and C-terminal domain. Cellulose membrane containing overlapping
peptides and representing the entire sequence of PDE4D5 was blocked in 5% milk
before being overlaid with recombinant B-arrestin2-GST or B-arrestinl-GST. The
detection was performed using immunoblotting with a specific anti-B-arrestin
antibody. Shown here are the only sections in the array that generate dark spots

(positive interactions).
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Figure 6.6 The binding of B-arrestin2 to sequential alanine substituted version of
a RAIDI1-containing peptide.

(a) Here shows an array of peptides based on a 25mer parent peptide (Ctr, peptide 5 in
Figure 6.5) of sequence Asn22-Thr45 in PDE4DS5. Further spots reflect a scanning
peptide array of this parent peptide where indicated amino acids were sequentially and
individually substituted with alanine. Cellulose membrane was blocked before
overlaid with GST-B-arrestin, followed by immunoblotting with a specific anti-
arrestin2 antibody. (b) Cellulose membrane containing the control (peptide 133,
representing the sequence Glu660-Glu685 in PDE4DS in Figure 6.5) and the alanine-
sequentially and singly substituted (derived) peptides were overlaid with B-arrestin2-
GST after being blocked with milk. This array was then subject to immunoblotting
using anti-B-arrestin antibody. Wild type peptide (Ctr) plus progeny with the indicated

residue substituted for alanine were marked under the spots. Ctr, control.
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Figure 6.7 Purification of recombinant protein of GST-ERK2.

GST-ERK2 was over-expressed at 37°C in E. Coli DHS5a cells by induction with
ImM IPTG. Samples from different stages of the Glutathione Sepharose column
purification process (see section 2.2.5) were separated on a 4-12% SDS-PAGE gel
stained with Coomassie brilliant blue. Expression of GST-ERK2 is indicated as
arrows. Free GST present in the final elute is also indicated as arrows. Molecular
weight markers are shown with sizes indicated in kDa. The listing numbers are
indicated as follows: 1, before induction; 2, 5 hr after induction; 3, before elution with
glutathione buffer; 4, glutathione sepharose beads alone; 5, after elution with
glutathione buffer. The observed molecular weight of full-length GST-ERK2 on SDS-
PAGE is ~60 kDa, which corresponds closely with its calculated molecular weight of
67 kDa.
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Figure 6.8 Association of PDE4D5 with ERK2 in HEKB2 cells.

Intact HEKB2 cells (control cells, lane B) and those transfected with VSV-tagged
PDE4D5 (lane A) were harvested in 3T3 lysis buffer and subject to
immunoprecipitation with VSV affinity beads. The association of PDE4D with ERK2
was detected by probing the immunoprecipitates with a specific anti-ERK1/2 antibody,

which was followed by probing the same membrane with a specific VSV antibody to

confirm the pull-down. Molecular weight markers are shown with sizes indicated in
kDa.
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Figure 6.9 Probing PDE4DS5 peptide array for ERK2 interaction sites.

PDE4D5 is shown schematically with its unique N-terminal region, UCR1, UCR2,
catalytic region and C-terminal domain. Cellulose membrane containing overlapping
peptides and representing the entire sequence of PDE4D5 was blocked in 5% milk
before being overlaid with recombinant ERK2-GST. The detection was performed
using immunoblotting with a specific anti-ERK2 antibody. Shown here are the only

sections in the array that generate dark spots (positive interactions).




Figure 6.10 The binding of ERK2 to sequential alanine substituted version of a
FQF-containing peptide.

Here shows an array of peptides based on a 25mer parent peptide (Ctr, peptide 132 in
Figure 6.9) of sequence Glu660-Glu685 in PDE4DS. Further spots reflect a scanning
peptide array of this parent peptide where indicated amino acids were sequentially and
individually substituted with alanine. Cellulose membrane was blocked before
overlaid with GST-ERK2, followed by immunoblotting with a specific anti-ERK2
antibody. Ctr, control.
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Figure 6.11 The binding of pB-arrestin2 and ERK2 to sequential alanine
substituted version of a FQF-containing peptide.

(a) Comparison of B-arrestin2 and ERK2 binding to an alanine scan array of PDE4DS5
whose sequence reflects amino acids 660-685, as shown in Figure 6.6b and Figure
6.10, by using ECL developing reagent. (b) As (a) but except that signals were
detected with Odyssey system, the peptide array was screened for interaction with
recombinant B-arrestin2-GST, or ERK2-GST as shown in black-and-white, and
simultaneous interaction with recombinant B-arrestin2-GST and recombinant ERK2-
GST as shown in color. (¢c) Shows the quantitative data from three independent
experiments by using ECL reagent. Data were expressed as fold in control peptide
signal. Red boxes indicated the most important amino acids that are essential for both
B-arrestin2 and ERK?2 binding to PDE4DS5 within a peptide spanning from Glu660 to
Glu 685. 670-680A is used as a negative control.
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Figure 6.12 Association of PDE4D with Ubc9 in HEKB2 cells.

Intact HEKB2 cells (control cells) and those transfected with siRNA specific to
PDE4D were harvested in 3T3 lysis buffer and subject to immunoprecipitation with a
specific anti-PDE4D antibody. The association of PDE4D with Ubc9 was detected by
probing the immunoprecipitates with a specific anti-Ubc9 antibody. Lower panel
shows the efficient ablation of PDE4D when a siRNA specific to PDE4D was

transfected in. Lys, lysates; PI, pre-immune; IP, immunoprecipitation.




Figure 6.13 Purification of recombinant protein of GST-Ubc9.

GST-Ubc9 was over-expressed at 37°C in E. Coli DHSa cells by induction with 1mM
IPTG. Samples from different stages of the Glutathione Sepharose column purification
process (see section 2.2.5) were separated on a 4-12% SDS-PAGE gel stained with
Coomassie brilliant blue. Expression of GST-Ubc9 is indicated as arrows. Free GST
present in the final elute is also indicated as arrows. Molecular weight markers are
shown with sizes indicated in kDa. The listing numbers are indicated as follows: 1,
before induction; 2, 5 hr after induction; 3, before elution with glutathione buffer; 4,
after elution with glutathione buffer. The observed molecular weight of full-length
GST-Ubc9 on SDS-PAGE is ~43 kDa, which corresponds closely with its calculated
molecular weight of 45 kDa.




73HTIFQERDLLETFKIPVDTLIT YLM(361-385)
74 ERDLLKTFKIPVDTLITYLMTLEDH(366-390)

75 KTFKIPVDTLITYLMTLEDHYHADV(371-395)

76 PVDTLITYLMTLEDHYHADVAYHNN(376-400)

7 ITYLMTLEDHYHAD VA YHNNIHAAD(381-405)

78 TLEDHYHADVA YHNNIHAADVVQST(386-410)

79 YHADVAYHNNIHAADVVQSTHVLLS(391-415)

130STIPQSPSPAPDDPEEGRQGQTEKF(646-670)
131  SPSPAPDDPEEGRQGQTEKFQFELT(651-675)

132 PDDPEEGRQGQTEKFQFELTLEEDG(656-680)
133 EGRQGQTEKFQFELTLEEDGESDTE(661-685)
134 QTEKFQFELTLEED GESDTERDSGS(666-690)
135 QFELTLEEDGESDTEKDSGSQVEED(671-695)
136 LEEDGESDTEKDS GSQVEEDTSCSD(676-700)
PVDTLITYLMTLEDHYHADVAYHNN (376-400) 4D5 QTERFQFELTLEED GESDTERDSGS (666-690) 4D5
regionl region2

e NS -

7374 75 76 77 718 79 130 131 132 133 134 135136

361 415 646 700
L g
v —— - — -
PDE4DS

Figure 6.14 Probing PDE4DS5 peptide array for Ubc9 interaction site.

PDE4DS5 is shown schematically with its unique N-terminal region, UCR1, UCR2,
catalytic region and C-terminal tail. The entire sequence of PDE4DS3, represented by
spots on cellulose membranes containing overlapping peptides, each shifted along by
5 amino acids in the PDE4DS5 sequence, was overlaid with recombinant Ubc9-GST
protein, blocked prior to detection by immunoblotting. Shown are sections of
membranes indicating positive interaction peptide spots (black) bounded by null
interaction peptide spots (clear). The numbers associated with the peptides indicate

their order in the array. The sequences of PDE4DS5 that shows positive binding to
Ubc9 are indicated in red.
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Figure 6.15 The binding of Ubc9 to sequential alanine substituted versions of
Ubc9-interacting PDE4DS peptides.

(a) Shows an array of peptides based on a parent peptide (spot 76) in original
PDE4DS5 peptide array) whose sequence reflects amino acids 376-400 of PDE4DS5.
This alanine substitution array was probed with recombinant Ubc9-GST and
interaction was detected by immunoblotting with an anti-Ubc9 antibody. The wild
type parent peptide (spot 76) was used as a control. (b) Shows an array of peptides
based on a parent peptide (spot 134 in original PDE4D5 peptide array) whose
sequence reflects amino acids 666-690 of PDE4DS5. This alanine substitution array
was probed with recombinant Ubc9-GST and interaction was again detected by
immunoblotting with an anti-Ubc9 antibody. The wild type parent peptide (spot 134)

was used as a control. Cont, control.
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Figure 6.16 Probing B-arrestin2 peptide array for Ubc9 interaction sites.

B-arrestin2 is shown schematically with its N-domain and C domain. Cellulose
membrane containing overlapping peptides and representing the entire sequence of -
arrestin2 was blocked in 5% milk before being overlaid with recombinant Ubc9-GST.
The detection was performed using immunoblotting with a specific anti-Ubc9
antibody. Shown here are the only sections in the array that generate dark spots
(positive interactions) bounded by clear spots (null interactions). The numbers
associated with the peptides indicate their order in the array. The potential

sumoylation site on B-arrestin2 is indicated on the B-arrestin2 schematic
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Figure 6.17 The binding of Ubc9 to sequential alanine substituted versions of
Ubc9-interacting B-arrestin2 peptides.

(a) Shows an array of peptides based on a parent peptide (spot 38 in original -
arrestin2 peptide array) whose sequence reflects amino acids 186-210 of B-arrestin2.
This alanine substitution array was probed with recombinant Ubc9-GST and
interaction was detected by immunoblotting with an anti-Ubc9 antibody. The wild
type parent peptide (spot 38) was used as a control. (b) Shows an array of peptides
based on a parent peptide (spot 75 in original B-arrestin2 peptide array) whose
sequence reflects amino acids 371-395 of B-arrestin2. This alanine substitution array
was probed with recombinant Ubc9-GST and interaction was again detected by
immunoblotting with an anti-Ubc9 antibody. The wild type parent peptide (spot 75)

was used as a control. Cont, control.

[
o
(35}




(a) (b)

Figure 6.18 Predicted structure of catalytic domain in PDE4D.

The structure of PDE4D catalytic domain is modeled based upon the existence of its
conserved counterpart in PDE4B, whose structure has been resolved. (a) Shows the
derived 1XM6 structure in which the predicted o helix-17 (®*"FQFELTL®) in
PDE4DS5 is indicated to fold across the opening of the catalytic site and in so doing
occlude the surface implicated in B-arrestin2, ERK2 or Ubc9 interaction. (b) Shows
the derived 1F0J structure in which the predictated o helix-17 (®°FQFELTL®®) in
PDE4D35 stays in the open area away from its core catalytic domain. Amino acids
whose alanine substitution leads to loss of RACKI interaction are shown in red and
those that leads to clear attenuation are shown in blue. Amino acids whose alanine
substitution leads to loss of B-arrestin2 interaction are shown in yellow. The flexible

linker region between helix 16 and 17 are shown in pink.
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General Discussion

The cAMP signaling pathway controls a wide range of cellular processes, the
specilicity of which is facilitated by three dimaensional organization of signaling
proteins, such as ACs, AKAPs and PDEs within cells (Houslay and Adams 2003;
Wong and Scott 2004; Tasken and Aandahl 2004). Pivotal in shaping and controlling
intracellular cAMP gradients, PDEs provide the sole means to degrade cAMP.

PDE4 gencs generate over 20 isoforms, each of which is characterized by
their unique N-terminal region, which can mediale protein-protein interactions and
confer intracellular targcting (Houslay et al. 2005). An emerging theme in PDE4
action is that individual isoforms are sequestered to particular signaling complexes,
therefore allowing regulation of the activity of the cAMP effector proteins, targeted
PK A, plasma-membrane bound CNGCs or localized EPACs (Baillie et al. 2005),

it is well established that phosphorylation of B2AR by two types of protein
kinases, PKA and GRK can result in receptor desensitization (Kohout and Lefkowitz
2002). PKA phosphorylation of the B;AR causes the receptor to switch from its
predominant coupling to G, which activates adenylyl cyclase, to another G-protein
protein, namely G;, thereby allowing for activation of the ERK pathway (Letkowitz et
al. 2002). GRK phosphorylated B2AR binds with high affinity to membrane recruited
B-arrestin. Such binding of f3-arrestin to the $AR prevents further coupling to Gos
and targets the B2AR for endocytosis (Lefkowitz and Shenoy 2005). Recently, a new
lacct of this desensitization system has been identified (Perry ot al. 2002), in that -
arrestin, when translocated to the rcceptor in response to agonist stimulation, has been
shown to be in complex with PDE4. This results in efficient B2AR desensitization
with concomitant interdiction of coupling, preventing cAMP synthesis and also

increasing local cAMP degradation (Perry et al. 2002; Bolger ¢l al. 2003).

In the course of this work, I have extended our knowledge of the properties
of onc particular long PDE4 isoform, PDE4D5. PDEAB and PDE4D together
contribute more than 90% of the total PDE4 activity in HEKB2 cells (Lynch et al.
2005). However, it is PDE4D5 alone, which contributes only 24% of total PDE4
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activity in these cells, that has been identified, by RNA silencing and ovcrexpression
of catalytically inactive {dominant negative) PDE4DS3, as the functionally relevant
PDE interacting with B-arrestin to control PKA phosphorylation of the P2AR and
consequentially switching of its signaling to activation of ERK pathway (Lynch et al.
2005; Bolger et al. 2003).

Using co-immunoprecipitation, I have shown that AKAP79 associates with
the f2AR in a constitutive manner in HEKB2 ceils, In contrast to this, the AKAP
gravin is only associated with the B2 AR receptor subsequent to challenge of cells with
isoprenaline. Further studies using siRNA fechnology to achieve knockdown of
specific AKAPs show that the ability of isoprenaline fo trigger PKA-mediated
phosphorylation of the $,AR, and consequential activation of ERK, is ablated upon
knockdown of AKAP79 but not upon knockdown of gravin. Such data indicate that p-
arrestin-recruited PDE4DS gates the potential of a discrete pool of AKAP79-tethered
PKA to phosphorylate the associated 2 AR. It is this important process that is required
for the switching of B;AR coupling from Gs to Gi and the consequential ERK
activation., Although the role of the recruited gravin is still not understood, the fact
that selective knockdown of gravin did not have any effect on PKA phosphorylated
B2AR indicates that membrane-bound forms of gravin serve a role distinct from that
of AKAP7Y in regulating the PKA phosphorylation of the $2AR, at least in HEKB2

cells.

It has been established that engineering a single point mutation within the
catalytic domain of PDE4D5 can generate a catalytically inactive form of PDE4D3S
that retains its ability to bind to B-arrestin (Baillie et al. 2003). This catalytically
inactive species is able to exett a dominant negative role, displacing the active
cndogenous counterpart and enhancing the isoprenaline-stimulated phosphorylation of
ERK. Here I confirm this data, and also show that mutating Arg34 to Ala within this
dominant negative PDE4DS ablates its ability to bind B-arrestin thereby preventing its
ability to enhance isoprenaline-stimutated ERK phosphorylation. This data indicates
that B-arrcstin-mediated delivery of PDE4DS participates in a unique descnsitization
process. The localized rate of cAMP degradation is incrcased, AKAP79-anchored

receptor-bound PKA is deactivated and the B2AR is uncoupled from Gi. Alterations in
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the expression and availability of both AKAP79 and B-arrestin-bound PDEADS might
conter cell-type specific remodeling of the switching of 32AR signaling to ERK.

In contrast to the B-arrcstin-delivered PDE4DS isoform-specific regulation of
B2AR phosphorylation by PKA (Lynch et al. 2005), T have suggested that the
tegulation of GRK2 phosphorylation by PKA is, seemingly, regnlated by a mixed pool
of PDE4 activity rather than a single isoform. This may be because GRK2 is located
through the cytosol and thus subject to phosphorylation by cytosolic PKA, thus being
regulated by bulk cAMP levels, Using imunoprecipitation, I have shown that
inactivation of PDE4 by the PDE4 selective inhibitor, rolipram enhances the
isoprenaline-induced PKA phosphorylation of GRK2, leading to increased GRK2
membrane recruitment. In addition, siRNA-mediated knockdown of either PDE4B or
PDE4D subfamilies, which provide 30% and 60% of the total PDE4 activity in
HEKB2 cells, respectively, also enhanced the isoprenaline-induced PKA
phosphorylation of GRK2. ln contrast to this, inhibition of PDE3, which provides
40% of the total PDE activity in HEKB2 cells failed to affect PKA phosphorylation of
GRK2. This implies that, in response to isoprenaline, the actions of PDE4B and
PDE4D may act synergistically on the same cAMP pool, indeed a combination of
knockdown of both PDE4B and PDE4D, whilst not additive in effect, did achieve a
similar increase in isoprenaline-induced PKA phosphorylation of GRK2 to rolipram.
This is however distinet from the pool of cAMP regulated by PDE3, unplying its
function may be to regulate a spatially discrete pool of ¢cAMP. Indeed, PDE3 is
exclusively membrane-bound, and in many cell types, it has been shown that sejective
inhibition of PDE3 and PDE4 leads to very different functional outcomes (Maurice et
al. 2003; [Tuang et al. 2001),

[t has previously been shown by others that PKA phosphorylation of GRK2
increases its ability to interact with GBy and, in consequence, increases the membrane
reeruitment of GRK2 (Cong ¢t al. 2001; Lodowski et al. 2003). Here my data lends

further sapport to this. With further time and resources 1 woutd like to examine the
role of GBy in the rolipram enhanced isoprenalinc-induced GRK2 membrane
translocation either by engineering a Gy mutant which would prevent its binding to

GRK2, or by employing an enginecred HEKB2 cell line that lacks endogenous Gfy.
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Interestingly, in the presence of rolipram, the isoprenaline-induced membrane
recruitment of GRK was not only accelerated but was also transient in naturc. Such
transience was abolished when the cells were pretreated with the MEK inhibitor
UQ126, suggesting an enhanced ERK activation involved in releasing the membrane-
bound GRK2. As discussed above, previous studies have shown that PDE4 inhibition
promotes PKA phosphorylation of the B2AR and the switching of its signaling to IRK
(Lynch ¢t al. 2005; Baillie 2003). Here I confirm these results and cxtend them in
showing an increasc in the membrane fraction of ERK phosphorylated GRK2 that is
more transient when rolipram is present in addition to isoprenaline. This parallels the
transient nature of the GRK2 membranc translocation in the presence of both
isoprenaline and rolipram. Therefore, PDE4 appcars lo control the scope of the
actions of GRK2 in the early stage of (AR desensitization. In the process of
membrane recruitment of GRK2, PDE4 regulates PKA phosphorylation of GRK2 and
the subsequent GRK2 translocatien to the membrane. Once GRK2 forms in complex
with the receptor, the switching of B2AR G-protein coupling from G; to G;, regulated
by PDE4DS5 causes activation of ERK that acts to phosphorylate and deactivate GRK2,
promoting its release from the plasma membrane back to the cyiosol. Following
membrane translocation of GRK2, B-arrestin/PDE4D complexes are recruited to the
membrane (Perry et al. 2002) and desensitization commences. 1 show here that the
time-dcpendent transient and concomitant membrane recruitment of both f-arrestin
and PDE4DS5 occur more rapidly in isoprenaline-challenged cells that have been
prctreated with rolipram, consistent with the GRK2 memibrane recruifment time

cOUrse,

Intercstingly, in the absence of isoprenaline, inhibition of PDE4 alone by
rolipram is sufficient to cause PKA phosphorylation of GRK2, with consequential
effects on GRK2 membranc recruitment and GRK2-mediated phosphorylation of the
B2AR. In contrast however, rolipram ulone had no effcct on ERK activation nor was
ERK phosphorylated GRK2 detected in the plasma membranc following rolipram
treatment. I would suggest that GRK2 phosphorylation by PKA is initiated in the
cytosol thus allowing its control by global changes in cAMP that can be regulated by
PDE4 isoenzymes also located within the cytosol. Indeed, single PDE4B or P'DE4D
subfamily knockdown failed to elicit the PKA phosphorylation of GRK2. This
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indicates that the cAMP threshold to activate PKA is set such that it needs either
stimulation of adenylyl cyclase or the ablation of both PDE4B and PDE4D
subfamilies in order o breach this threshold to activate PKA. Indeed, knockdown of
both PDE4B and PDE4D together did achieve an increase in the PKA phosphorylated

status of GRKZ2 in resting (unstimulated) cells.

In contrast, activation of the ERK2 pathway requires agonist stimulated
AKAP79-tethered PKA phosphorylation of 3;AR at the plasma membrane. Following
agonist stimulation [-arrestin and PDE4DS, in complex, are recruited to the
membrane where PDE4DS is able to control a localized pool of cAMP thereby
regulating PKA phosphorylation of the receptor and consequential activation of the
ERK pathway. This hypothesis has been partially proved by Lynch et al. (2005), as in
resting HEKB2 cells, knockdown of cithcr PDE4B or PDE4D in the absence of
agonist, by siRNA, failed to induce the PKA phosphorylation of the B2AR (Lynch et
al. 2005). This study, however did not examine the effect of knocking down both
PDE4B and PDE4D on phosphorylation of the BAR by PKA in the abscnce of

agonist and should be addressed in the future,

It is widely recognized that reversible post-translational modifications often
regulate dynamic protein function. Previous studies have shown PDE4DS to be
phosphorylated both by PKA at Ser126, which serves to activate PDE4D35 (Sette et al.
1994; MacKenzie et al. 2002) and by ERK2 at Ser651, which, conversely, inhibits
cnzyme activity (Hoffimann et al. 1999; MacKenzie et al. 2000; Baillie et al. 2001).
Post-translational modifications of specific proteins ofien occur in response to
extracellular stimuli. It has been established (Perry et al. 2002; Lynch ct al. 2005) that
PDEA4DS3, in complex with B-arrestin, is recruited to the plasma membrane in response
to isoprenaline stimulation of the B2AR where it regulates localized cAMP levels. 1
therefore set out to examine if PDE4D5 underwent post-translalional modification
following agonist treatment. If this modification did occur T wighed to examine its
effect on downstream signaling and the interaction of PDEADS with other proteins,
for example [3-arrestin, Sequence analysis revealed a ubiquitin interaction motif (UIM
domain) located within the extreme C-terminus of PDE4D5, prompting my

investigation. UIM domains have been suggested to direct ubiquitination as well as to
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interact with ubiquitin (Miller ct al. 2004). 1 thus examined whether PDE4D5 was
ubiquitinated in response (o isoprenaline treatment in HEKB2 cells. Indeed 1 show
here that PDE4DS5 does indeed become ubiquitinated, in both HEKB2 cells in
response fo isoprenaline stimulation and also in HEKV2 cells in response to
vasopressin stimulation, This ubiquitination of PDE4D3 appears to be dependent upon
the integrity of its UIM domain as, when the critical acidic patch within this domain
was mutafed, ubiquitination of PDE4DS in response to agonist was scverely
attenuated, In agreement with this, several 1soforms of PDE4A, PDE4B and PDE4C,
which lack a UIM domain within their extreme C-termini, did not undergo
ubiquitination in response to isoprenaline challenge of IIEK cells cxpressing these
species. Thus, it would appear that ubiquitination of PDE4 isoenzymes requires at
least (he presence of one UIM domain, PDE4D3, however, which docs contain an
UIM domain within its extreme C-terminus failed to underge ubiquitination in
HEKB?2 cells in response to isoprenaline. This suggests that an UIM domain alonc is

insufficient to promote ubiguitination, as will be turther discussed below.

B-arresting are important adapter and scaffold proteins in GPCR signaling
(Lefkowitz and Whalen 2004). It has been shown that -arrestin is involved in $,AR
and V3R ubiquitination proccsses and that it can act as an E3 ligase adapter (Shenoy et
al. 2001; Martin et al. 2003). Meanwhile, B-arrestin itself has also been shown to
undergo ubiquitination, via an action involving the E3 ligase Mdm2 (Shenoy et al.
2001), which plays an important role in controlling the ubiquitination of p53 (Fang et
al. 2000). My data here demonstrates that ablation of PDE4DS binding to (-arrestin
completely abolishes the detection of PDE4DS ubiquitination in response to
isaprenaline in HEKRB2 cells. This suggests two possibilities. Firstly it is known that
a percentage of PDE4DS forms a complex with B-arrestin in HEKB2 cells. It may be
that the ubquitination signal observed [oliowing immunoprccipitation of PDE4DS
from agonist stimulated HEKB2 cells is in fuct ubiquitinated [3-arrestin that has becn
pulled down in complex with PDE4DS. Secondly, it is possible that [-arrestin
interacting with PDE4DS5 (s acting in ifs capacity as an E3 ligase adaptor protein and,
as has been reported for its function in the ubiquitination of the B2AR (Girnita et al.
2005), acts to locate E3 ligase in close proximity to PDE4DS thereby enabling its

ubiquitination. I have shown here that the ubiquitination of PDE4D5 and B-arrestin
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occurs with very disparate time courses. This, coupled to the lack of the ubiquitination
signal seen in the PDE4DS UIM mutant that is still able to bind to [-arrestin, suggests
that it is ubiquitination of PDE4DS and not B-arvestin that is observed. To further
investigate the possibility that PDE4DS is indeed ubiquitinatcd upon isoprenaline
stimulation, [ chosc to evaluate first the key E3 ligase, Mdm2, which has been
reported to interact with f3-arrestin and function to ubiquitinate if, as well as various
proteins including pS3 (Fang et al. 2000; Girnita ct al. 2003; Lin et al. 2002), The
observation that a mutant of PDE4DS, which is unable to interact with arrestin (E27),
severely diminished ubiquilination of PDE4D35 upon isoprenaline treatment, suggesis
that the prescnce of arrestin is key, This might be because arrestin acts to deliver the

E3 ligase, Mdm?2 to act on complexed PDE4DS.

Indeed, in HEKB2 cells when Mdin2 is knocked down by specific siRNA,
then wild type PDE4DS failed to undergo ubiquitination in response to isoprenaline.
This shows that Mdm?2 is crucial for the ubiquitination of PDE4DS, Together, these
data suggest that only PDE4DS3 in complex with B-arrestin and therefore with Mdm2
can be modificd by Ub moieties. Interestingly, in PDE4DS5 mutated in its UIM domain,
which compromised its ability {0 undergo ubiquitination, the level of associated
Mdm?2 was much reduced in comparison to wild type PDE4DS. As Mdm2 binds to 3-
arrestin (Shenoy et al, 2001) and this is the suggested mode of delivery to initiate
PDEA4DS ubiquitination, it seems that mutation of the UIM domain of PDE4D5 might
lower the amount of associated B-arrestin and hence reduce the amount of associated
Mdm?2. In order (v address this hypothesis, I have checked the relative levels of 3-
arrestin that binds to the UIM mutated form to the wild type torm of PDE4DS5, The
result that UIM mutated form of PDE4DS binds to less P-arrestin than wild type
PDEADS supports such a hypothesis.

In order to cxplore the effect of ubiquitination on PDE4D3 function, I
explored the interaction of wild type and the UIM mutated [orm of PDE4DS with [3-
arrestin. Using immunoprecipitation, I showed that more wild type PDE4DS3 interacts
with B-arrestin than PDE4DS5 UIM mutant which loses the ability to undergo
ubiquitination. Additionally the interaction of PDE4DS and $-arrestin was transient in

nature, peaking at 10 minutes afler isoprenaline slimulation. However this was not
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seen in the PDE4DS UIM mutant transfected HEKB2 cclls. ‘These results imply that
ubiquitination of PDE4D35 increascs the proportion of the PDE4DS/B-arrestin
complex within the cells, which might be ol important in positively mediating the
desensitization of B,ARs. Thus, further work is required to define if ubiquitination is
involved in the degree to which the PDE4D5/B-arrestin signaling complex is able to
translocate to the plasma membrane and thereby attenuate Gs—> Gi switching. To
answer this, 1 would first measure the ability of the UIM mutant PDE4DS to
translocate to the membrane fraction in complex with B-arrestin and compare this
with wild type PDE4D3. Secondly I would propose to compare the degree of ERKK
activation in HEKB2 cells transfected with cither wild type PDE4DS or PDE4DS5
UM mutant, As B-arrestin-delivered PDE4ADS functions in attenuating ERK
activation in response to isoprenaline in HEKB2 cells (Lynch et al. 2005), it would be
cxpected that less ERK activation occurs in the UIM mutant transfected cells

compared to wild type transfected cells.

Ubiquitin is a small molecule that contains seven lysine residues, cach of
which can be targeted by another ubiquitin in an iterative process to form distinct
types of Ub chains (Pickart 2001). In vitro, K11, K29, K48 and K63 all can form Ub-
Ub linkages. Poly-ubiquitin chains formed through K48 of two adjacent Ub are a
well-characterized signal for targeting proteins for proteasomal degradation
(Weissman 2001). Using HA-tagged Ub mutants, 1 show that PDE4D35 is modified
largely by K48-linked Ub chains, as well as by a single Ub / mono-ubiquitination.
This suggests that PDE4DS might be targeted to proteasomes for degradation
following ubiquitination. Indeed, I have demonstrated that wild type PDE4DS
intcracts with 195 regulatory subunit S2 and S3a in a time-dependent manner when
B:AR is activated by isoprenaline. In the PDE4DS UIM mutant that is unable (o
underge ubiquitination, however, no interaction is observed. This supports the
hypothesis that K48-linked Ub chain formed on PDE4DS may target PDE4DS5 to
proteasomes. Further studies need to be done to confiom this. With further time, I
would examine the half-life of PDE4DS5 WT and UIM mutani forms by pulse-chase

experiments.

T have demonstrated by in vitro ubiquitination that three lysine residues in the




unique N-terminal region of PDE4DS are the putative ubiquitination sites. Tn order to
examine their relative importance in conjugating ubiquitin, further work is required in
which 1 would propose to examine the effect of single or combined selective mutation
of these lysine residues on ubiquitination of PDE4D35. This in vitro data does,
however, clearly explain the lack of ubiquitination in PDE4D3, This is because in the
unique N-fcrminal regions of PDE4D3 and PDE4DS5 it is only PDE4DS which
contains a putative ubiquitination site, explaining the inability of PDE4D3 to be
ubiquitinated despile the presence of the UIM domain within ifs C-terminal region
(Figure 6.1). Thus, in addition to functioning in protein-protein interaction and
targeting PDE4 isoforms to distinct subccllular compartments (Houslay and Adams
2003), the N-terminal rcgion of PDE4 family also serves to gate the process of

ubiquitination in the case of PDE4D3.

It could be argued that the difference in the ubiquitination signals between
PDL4DS5 and PDE4D3 might be due to the preferential binding of PDE4DS to -
arrestin (Bolger et al. 2003), and the consequential presence of Mdm2 within the
complex, However, the complete absence of the ubiquitination signal from FDE4D3
abrogates this argument as at least the mono-ubiquitination signal or a faint poly-
ubiquitination signal should be present as PDE4D3 is still binding to P-arrestin albeit
to a lesser extent, in HEKB2 cells (Bolger et al. 2003). Tt is likely therefore that there
is threshold of minimal B-arrestin binding for initiating ubiquitination. This would
explain both the absence of ubiquitination of the PDE4DS UIM mutant compared to
wild type PDE4DS5 and also the lack of ubiquitination of PDE4D3 and PDE4DS in the

absence of agonist stimulation,

Mutation of the UIM domain in PDE4DS5 results in no ubiquitination and
reduced B-arrestin binding. Simply concluding from this coincidence that ablation of
ubiquitination leads to the reduced P-arrestin binding scems inappropriate because the
reduced binding affinity might result from the consequential conformational changes
in PDE4D5 when its UIM region is mutated, rather than the effect of lack of
ubiquitination, albeit the latter might also be the case. In order to resolve this enigma,
independent blockage of ubiquitination of wild type PDE4D35 and subsequent

investigation of the association between PDE4DS5 and [-arrestin are needed. This
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could be done through three indepcndent actions: (i) deploying the HA-fugged 3R
ubiquitin mutant; (i1) knockdown of the crucial E3 ligasc Mdm?2 by virtue of siRNA
reagent; or (iii) mutation of the key K residues in the N-terminal region of PDE4DS

that are responsible for accepting the ubiquitin moieties,

Following the ubiquitination, [ investigated another similar molecule-
mediated post-translational modification-sumoylation. Unlike ubiquitination, the
conditions to detect sumoylation of PDE4DS arc highly stringent. Overcxpression of
E3 ligase PIASy together with WT PDE4DS5 leads to sumoylalion of PDEA4ADS,
suggesting that E3 ligase PIASy is critical in forming PDE4DS-SUMO conjugates.
Although there are a number of other isoforms (Hay 2005) within the PIAS family,
my initial data suggests that it is only overexpression of the PIASy isoform, which
can causc sumoylation of PDE4DS, Sequential immunoprecipitation experiments have
shown that (-arrestin, RACK1, ERK2 and AKAP183 bind to both non-sumoylated
and sumoylated forms of PDE4D5 within cells, with preferential binding to the
sumoylated form. ‘I'o note, in contrast o this dual binding of B-arrestin in a cellular
setting where sumoylation of PDE4DS is gettable and this post-translational
modification increases the binding of B-arrestin to PDE4DS, in a cell-free system
where this post-translational modification of PDE4DS3 is ncgated in the peptide array
studies, GST-B-arrestin only interacts with non-sumoylated form of PDE4D3 (Figure
6.5), which corresponds to the interaction of [-arrestin with the 4D5 K323R mutant in
the cell system. This suggest that B-arrestin can interact with PDE4DS3, regardless of
its sumoylation status, however, it preferentially binds to the sumoylated form of

PDE4DS that constitutes a portion, even though ~ 1%, of the total pool of PIDE4DS.

Sumoylation has been shown to be a highly dynamic process and one that
controls the intracellular targeting of modified proteins, often targeting the modified
protein to the nucleus. My hypothesis is that that wild-typc PDE4DS might shuttle
between the eytosol and nucleus, dependent on its sumoylation status. To address this
hypothesis, further work is required in examining localization of the protein by cell
fractionation studies and confocal microscopy. From such studies I would hope to
gain insight into the functional effect of sumoylated PDE4DS5 on gene expression. In

addition, SUMQ-modified PDE4DS sequestered in different signaling complexes may
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well disseminate the distinct signals upstream and rclay these signals to distinct

intraceilular compartments.

Initial experiments undertaken to study sumoylation cftects on the interaction
between PDE4DS with P-arrestin, revealed an increased binding of (-arrestin to the
sumoylated form of PDE4DS5 (Figurc 5.6 a), the form of which is about 1% of the
total PDE4DS5. However, in previous studies carried out by others, it has been
suggested that ~ 7% of total PDE4DS35 seems to interact with B-arrestin. The disparity
between these two percentages might be due to the ccll system used. In the previous
study, the authors uscd HEK293 cells and evaluated the endogenous PDE4DS that is
in complex with endogenous 3-arrestin. However, in the cell context where PDE4DS5-
VSV and PIASyY-ITA were co-transfected in HEK293 cells, the proportion of PDE4DS
that is sequestered by P-arrestin has not been tested. Therefore, it would be very
useful to verify the proportion of the PDE4DS5 interacting with -arrestin under these
conditions so as to reasonably comparc the two proportions of PDE4DS, one

sumoylated, another bound to 3-arrestin.

The function of the sumoylation of PDE4DS5 is not understood. Howcver,
initial studics have shown that the sumoylation site is located within a catalytic
domain of PDE4DS5 that has been suggested to be involved in dimerization. This
implies that a potential relationship between sumoylation and dimerization may exist.
Therefore, it would be interesting to determine if they synergize or antagonize on a
specific effect, such as subcellular distribution, or change of activity. It has also been
reported that sumoylation can prevent ubiquitination in somec cases (Desterro et al.
199%), suggesting thal this may be the case for PDE4DS. Thus, in the future work 1
would like to examine the relationship between the ubiquitination and sumoylation of

PDEA4DS.

Post-translational modification of PDE4DS, by ubiquitination and
sumoylation, has been success[ully shown through the experiments described here,
hawever, caution with respect to the proportion of the PDE4DS population actually
subjected to thesc regulatory events nced to be taken. Compared to the strong

ubiquitin signals at 10 min after isoprenaline challenge with a specific ubiquitin



antibody (Figure 4.4 a), signals above {he natural sizc of PDE4D5-VSV at the same
time point in thc same immunoprecipitant with the VSV antibody were hardly
observed (Figure 4.4 b). This may indicate that only a very small portion of PDE4DS5
underwent ubiquitination, and the reason that the ubiquitinated PDE4D5 was so
robustly detected in Figure 4,4 a is perhaps due to the high sensitivity of the ubiquitin
antibody used. Similarly, swmoylated forms of PDE4DS may also only constitute a
small subpopulation of total PDE4DS5 (Figure 5.4 a). To further verify the functional
importance of these two post-translational modifications on PDE4DS, experiments fo
identify the actual proportion of the total PDE4DS moditied are needed. This can be
done by full immunoprecipitation of PDE4DS in the cell system studied, followed by
comparison of the modified form to the total PDE4DS.

Both ubiquitination and sumoylation of some proteins are involved in the
pathology of neuronal diseases, such as Alzheimer’s disease (Seibenhener ct al. 2004),
Parkinson’s disease (Nakaso et al. 2004) and TTuntington’s disease (Nagavka et al.
2004; Dohmen 2004). PDE4 has been implicated in impaired memory (Houslay and
Adams 2003). Therefore, my finding with respect with the above two lypes of post-
translational modification might add new insight relating PDE4 to the pathogenesis of

neuronal diseascs.

In support of the possible modification of PDE4DS by SUMO, I show that, in
addition to the existing PDE4D5-binding partners B-arrestin and ERK2, Ubc9, which
is known as a SUMO E2 conjugating enzyme and function to recognize target
proteins and facilitate the SUMO attachment (Dcsterro et al. 1997; Johnson 2004,
Melchior 2000), is able to interact with PDE4DS5 in intact HEK293 cells under basul
conditions, It would be very interesting, in the future, to examine if the interaction
between PDE4DS and Ubc9 can be changed by the alterations of other parameters,

such as an incrcase in intraceliular cAMP levels.

In order to examine the binding mechanisms of interacting proteins on
PDEA4DS more closely, 1 have employed a novel peptide array methodology. I have
mapped B-arrestin binding on PDE4DS to two sites, one within the N-terminal region

(T11-85A) and the sccond a 67(’FQFRL’[‘LG76-spanning catalytic domain. The N-




terminal interaction site overlaps the known RACK binding site, further supporting
the hypothesis that B-atrestin and RACK1 exclusively interact with PDE4DS5 (Bolger
et al. 2006). Within the C-terminal binding site scanning alanine substitution arrays
identified F670, F672, £673, L674 and 1676, located in subdomain-3 of the catalytic
unit of PDE4D3 as crucial in P-arrestin binding, Within this motif is a FQF motif
which has previously been implicated as an ERK2 docking site on PDE4 isoenzymes
(Houslay and Adams 2003). In addition to [-arrcstin binding I show that this short
motifis also crucial for UbcY binding to PDE4DS. In addition, Ubc9 has an additional
interaction sile (K371-D405) downstrcam of the SUMO consensus site (K323) of
PDE4DS5. Thoerefore, both B-arrestin and Ubc9 can straddle PDE4DS at two distinet
sitcs, one of which on the catalytic domain is idenfical. Like the exclusive interaction
pattern of B-arrestin and RACK! on PDE4DS5 (Bolger et al. 2006), my finding
suggests that B-arrestin and Ubc9 are likely to perform a similar competitive binding
to PDEA4DS. If this binding is mutually exclusive then it would suggest that 3-arrestin
bound PDE4DS can be ubiguitinated but not sumoylated, This is because
ubiquitination would strengthen $-arrestin interaction, stopping Ubc9 binding and
therefore preventing sumoylation. It would be interesting to see if this was indeed the
case. Due to the sharcd FQT binding domain it is likely that ERK2 also competes with
B-arrestin and Ubc? to bind PDE4DS. ‘Thus these various proteins likely sequester
different pools of PDE4DS and in so doing add to the complexity of
compartmentalization of cAMP signaling in cells. It is highly likely that
overexpression of ERK2 or Ubc9 in HEKB2 cells may reduce the extent of the -
arrestin-mediated AR descnsitisation in response to [3 agonist as their

overexpression might compete the endogenous f3-arrestin binding to PDEADS.

Peptide array based analysis provides only initial identification of potentjal
interaction sites between proteins, mutation studies need to be carried out in order to
confirm the binding sites on PDE4DS5. Further work is required in order to assess the
inter-relationships between PDE4DS and [-arrestin, Ubc9 and ERK2. T would propose
to examine the binding of these proteins with PDE4DS after each of the others is
knocked down using siRNA., This would be very interesting as it could provide
evidence as to whether endogenous levels of particular scaffolds have consequences

for the signaling through other scaffolding proteins. It has been shown that Ubc9 is
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ubiquitously expressed in both cytoplasm and nucleoplasm (Mclchior 2000; Dohmen
2004), and B-arrestin2 shuttles between the cytosol and nucleus (Scott et al. 2002,
Wany et al. 2003). It would be interesting to examine whether a dynamic association
between these proteins with PDE4D5 exists and if this alters their rolc in signal
transduction, It has been shown that Ubc9 dirccts sumoylation of many proteins (Hay
2005), and I have demonstratcd PDE4DS5 can undergo sumoylation. Therefore, a
siRNA-mediated knockdown of Ubc9 in HEK293 cells would then be useful to

confirm the importance of UbceY in mediating PDE4DS sumoylation.

In the work presented in this thesis, I have extended the appreciation of the
concept that PDE4DS has multifunctional roles in cells each of which is associated
with the ability of PDE4DS to be sequestered in distinct signaling complexes via
distinct scaffolding proteins. In addition to the existing binding partners [-arrestin,
RACKI1 and ERK2, I have added Ubc9 to the PDE4DS ‘partnership list’. 1t appears
that distinct pools of PDE4DS sequestered by particular scaffolds are exposed to
different post-translational modifications and that control compartmentalized signal
transduction, Thus, anchored PDE4DS5 may be dynamically recruited to different areas
of cells to provide cross-talk with other signaling pathways and reprogramme the
signal transduction. For example, only when PDE4DS is complexed to -arrestin is il
able to be ubiquitinated and this has potential to modify the regulation of B.AR
desensitization, Ubc9-sequestered PDE4D35, however, is subject (o SUMO
modification and consequential integration with other binding proteins. As such, my
data highlight the necessity for better identification and characterization of these

partnerships.

The design of peptide compounds that can sterically block these particular
interactions is likely to be extremely useful to determine the functional importance of
the distinet properties of PDE4DS. Furthermore, these peptides-derived compounds
might be used as PDE4 isoform-specific inhibitors to block unwanted aspects of their
in vivo functions, therefore achieving a major goal in drug research to improve the
therapeutic ratio while reduce the side cffects seen in the current available PDE4

inhibifors.
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Figure 7.1 Schematic of PDE4DS5.

N-terminal domain of PDE4D5 contains both f-arrestin binding site and RACK-1
binding site. The catalytic domain of PDE4D5 possesses a potential SUMO lysine,
two Ubc9 binding sites, one B-arrestin binding site and two ERK docking sites,

whereas the extreme C-terminus of PDE4D5 contains a Ubiquitin Interaction Motif.

All the binding units are indicated in open squares or arrows.
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