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Summa

Studies were performed on a human cyclic AMP specific
phosphodiesterase (PDE) of the PDE4A family. The cDNA for this isoform had
been isolated from a human T-lymphocyte ¢cDNA library and engineered for

expression in Saccharomyces cerivisiae (Dr M.Sullivan, Sandoz).

Characterisation of the PDE activity of h6.1 demonstrated that both pellet and
soluble forms were kinetically identical, hydrolysing cyclic AMP specifically.
Substrate hydrolysis was unaffected by low concentrations (2uM) of cyclic
GMP or calcium / calmodulin but was selectively inhibited by the PDE4 class
selective inhibitors rolipram and RO-20-1724. The PDE3 class inhibitor
cilostimide and the non-selective inhibitor IBMX served as weak inhibitors.
Both rolipram and IBMX were shown to inhibit pellet and soluble h6.1
activities in a simple competitive manner. EDTA-treated h6.1 could be dose-
dependently activated by the divalent cations Mg2+ and Mn2+. This suggested
that there was a site specific interaction between the divalent cations and b6.1.

Pelleted h6.1 was not affected by NaCl or detergent treatment.
Thus PDE activity was neither peripherally bound or an integral membrane
protein. Indeed, the only difference found between pellet and soluble h6.1 was
that the pellet activity was more thermostable. In each case, activity decayed us a
single exponential, which suggested that only a single population of enzyme
was expressed in each compartment

The function of the distinct N and C terminal domains of h6.1
were investigated. The N-terminal region of h6.1 was shown to be important in
such functions as substrate hydrolysis, inhibitor interaction and thermostability.
This analysis of a human PDE4A isoform (10AORF) which differed from h6.1
in having a larger N-terminal domain, showed that it exhibited a significantly
lower Ky for cyclic AMP {1.9+0.2uM, p=0.025) compared to h6.1
(4.1+1.7¢M). In addition, l0AORF exhibited an IC50 (0.19+0.02uM,

p=0.004) for rolipram which was considerably lower than that for




h6.1(0.5+£0.15¢M). Importantly, it has been suggested that a conlormational
change, induced by the larger N-terminal region of 10AORF occured, which
resulted in a change in the way in which rolipram inhibited cnzyme activity.
Whilst rolipram was a simple competitive inhibitor of h6.1, partial compelitive
inhibition was seen with 10AORF. The enzyme LOAORF also showed
increased thermostability with a tp 5 (>30 mins) significantly greater than that of
h6.1 at 45°C (10mins). The role of the N-terminal region in modulating PDE
properties was emphasised further upon the analysis of HYB1. The chimeric
PDIE, HYB1 was a construct formed by the substituition of the N-terminus of
h6.1 with that of the inactive splice variant 2EL. Whilst this had no significant
effect on the Kpeyelic AMP it giopificantly increased the 1Cs0 for rolipram
(1.93£0.23 M) and reduced the thermostability of HYBI (3 mins), compared
to h6.1. Thus, the distinct N-terminal domain of 10AQORF contributed to
changing the potency of rolipram action, the Ki for cyclic AMY hydrolysis and
thermostability. The C-terminal domain was shown to be involved in the
interaction with rolipram also, since the truncation of this region (YMS12)
resulted in a significantly greater IC50 (1.7+0.14uM, p=0.0001) for rolipram
inhibition compared to h6.1.

'The cellular expression of an analogous PDE4A rat isoform,
RD1, was investigated in rat brain. The in vivo expression of the rat PDE4A
gplice variant, RD1 was studied in rat cercbellum synaptosomal fractions. Sub-
fractionation of those synaptosomal fractions which contained the greatest
amount of RD1 immunoreactivity, determined that RD1 was enriched in the
plasma membrane fraction. The location of RD1 was identified with the plasma
membrane markers 5'-nucleotidase and adenylyl cyclase. This has been
previously shown in COS-1 cells transfected with RD1 cDNA (Shakur et al
1993). Location at the plasma membrane, along with adenylyl cyclcase, places

RID1 at a site alongside other components of the cyclic AMP signalling




pathway, and provides a route for the termination of the signal generated by

cyclic AMP,
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Introduction
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1. Introduction

1.1 Cyclic adenosine 3', §'- monophosphate as a Second Messenger

Signal transduction can be defined as the mechanism by which a
primary messenger, such as a hormone, binds to a specific receptor on the cells
surface coupled to an effector system and generates an intracellular signal
resulting in the biochemical response. The intracellular signal triggers a cascade
of molecular reactions the result of which culmanates in the biochemical
response, One such intracellular signal, or second messenger, is cyclic
adenosine 3', 5'- monophosphate (cyclic AMP). Since the discovery of cyclic v

nucleotides their synthesis, modulation by hormones, neurotransmitters and

_ pharmacological agents are mechanisms which are now among the most well

\‘hl\,"“ et

., established in cellular signalling.

1.2 Cyclic AMP Dependent Protein Kinase

The biochemical response to cyclic AMP is initiated by the
binding of the second n:*lcssenger to its intracellular 'receptor’, cyclic AMP
dependent protein kinase (PKA). PKA is the only known receptor protein for
cyclic AMP in eukaryotic cells (Krebs 1985) and exists as 2 holognzyme forms
types I and II. The inactive holoenzyme form of PKA is a cytoplasmic,
tetrameric complex of both regulatory (R) and catalytic (C) subunits. High
affinity binding of 4 molecules of cyclic AMP to the R subunit, activates the
complex by dissociation of the two catalytic subunits from the R subunit dimer
{Becbe and Corbin 1986), therefore, liberating the catalytic subunits to
phosphorylate substrate proteins or to migrate to the nucleus (Nigg 1990). This
can be summerised in the reaction scheme:

R2C2 + 4 cyclic AMP R2 « (cyclic AMP)4 +2C
Studies have shown that the RII subunit has an additional function, namely the
localisation of PKA (Scott 1991).

Specificity of PKA for a particular substrate protein, may be

explained by the hypothesis that individual pools of PKA are compartmentalised




to a subcellular location in close proximity to that particular substrate proteio
(Scott and Carr 1992), Therefore, _activation of a particular PKA pool can only
arise when elevation of cyclic AMP occurs in response to an appropriate
hormone. Activation of a particular PKA isoform is dependent on the hormone
and tissue involved (table 1). Each subtype exists as an alpha and beta isoform,
the alpha isoform is expressed in most cell types but the beta isoform is
expressed preferentially in brain tissue (Scott and Carr 1992). In general, type I
isoforms are primarily cytoplasmic whereas most (~75%) type II activity is
found associated with the particulate fraction.
1.3 Biological Effects Mediated by Cyclic AMP

Cellular activity, and its control, is dependent upon a variety of
neurotransmitters, growth factors and hormones which transduce their effects
through the extracellular binding to specific plasma membrane spanning
receptors. The mechanism by which receptor occupation, by such ligands, leads
to an intracellular response has been the subject of much investigation. Work by
Sutherland and Rall in the 1950's demonstrated that, in the presence of
glucagon or adrenaline, then phosphorylase present in the supernatant fraction
of liver homogenates was activated by a heat stable factor. For this activation to
occur it was noted that the plasma membrane fraction was required (Rall et al
1957). Later work identified this heat stable factor as cyclic AMP. The
observation that glucagon and adrenaline could not activate phosphorylase
directly, suggested that the point of hormonal regulation was at adenylyl
cyclase, the enzyme which catalyses the formation of cyclic AMP from ATP,
(Rall et al 1957). This work was the basis of the "second messenger
hypothesis", namely, a secondary messenger e.g. cyclic AMP is formed in
response to a ligand binding to its specific receptor and, once formed, this

intracellular messenger can then alter cell function.

i lic AMP as a Hormonal Second Messenger
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Since its discovery, the second messenger cyclic AMP has
shown to be central in the functioning of a diverse range of biological systems.
Of great importance is the role of cyclic AMP in the hormonal control of blood
glucose and fatty acid levels. Cyclic AMP has a dual effect in the hormonal
control of lipolysis in adipocytes. On the one hand, cyclic AMP mediates the
lipolytic action of hormones such as catecholamines, corticotrophin and
glucagon (Steinberg et al 1975). The second messenger promotes lipolysis
through the activation of cyclic AMP-dependent protsin kinase, which
phosphorylates and activates hormone sensitive lipase resulting in hydrolysis of
stored triglyceride to glycerol and free fatty acids (Stréfors et al 1984).
Conversely, the degradation of cyclic AMP and the subsequent reduction in
cyclic AMP-dependent protein kinase has been shown to be of functional
importance in the antilipolytic action of insulin (Smith and Manganiello 1988,
Vasta et al 1992 and Anderson et al 1989).

Homeostatic control of blood glucose levels has been shown to
be a cyclic AMP mediated event. Glucagon, the hormone produced by the alpha
cells of the pancreas is involved in the promotion of glycogenolysis,
gluconeogenesis and the release of free fatty acids. The receptor for glucagon is
coupled to the cyclic AMP synthesising enzyme adenylyl cyclase through the
stimulatory G-protein Gg. In the liver, elevation of the intracellular levels of
cyclic AMP, via activation of the glucagon receptor, triggers an enzymatic
cascade initiated by PKA mediated phosphorylation (Cohen 1985). Primarily
this is the phosphorylation of glycogen phosphorylase, leading to the
breakdown of glycogen and glucose release, and of glycogen synthase which
results in the inactivation of the enzyme, This cyclic AMP signal in response to
glucagon in hepatocytes has been shown to be transient (Heyworth et al 1983).

Following the initial increase in cyclic AMP, rapid desensitisation of adenylyl

" cyclase occurs (Heyworth and Houslay 1983), in which the glucagon receptor

. uncouples from Gg. Several lines of evidence have shown that the uncoupling




is due to a protein kinase C mediated phosphorylation of the receptor (Murphy
et al 1987, Murphy & Houslay 1988).

(iDCyclic AMP-in the Central Nervous System

A role for cyclic AMP in the central nervous system (CNS),
associated with the processes of learning, memory, neurotransmission and
mood regulation has been highlighted. In particular numerous genetic mutations
in genes associated with learning in Drosophila melgnogaster_ have been
isolated. These genetic mutations have been associated with alterations of the
cyclic AMP signalling pathway including dunc , which encodes a cyclic AMP
specific phosphodiesterase, and rut which encodes a calcium-calmodulin
stimulated adenylyl cyclase (Dudai 1988, Levin et al 1992,Qiu et al 1991).
These studies have shown alterations in olfactory learning (Byres et al 1981)
associated with mutations of the dunc gene, resulting from altered cyclic AMP
metabolism (Nighomn et al, 1991). In the mammalian CNS the role of cyclic
AMP is less well characterised, however it has been associated with the
processes of neurotransmission by virtue of its synaptic localisation (Thericn
and Mushynski 1979) and in mood regulation (Schneider et al 1986).

{iCyclic AMP in the Immune Svstem

In the mammalian immune system, cyclic AMP is known to be

an important regulator of such functions as attenuation of lymphocyie
blastogenesis (Epstein et al 1984), lymphocyte proliferation and differentiation
(Coffey et al 1978, Hadden 1988), inhibition of release of inflammatory
mediators histamine and lenkotriene C4 from basophils (Peachell et al, 1992)

and the blockade of the cytokine pathway due to the suppression of tumour

necrosis factor alpha production from human mononuclear cells (Semmler et al

1993).

(iv)Cyclic AMP in the Cardiovascular System




Cyclic AMP has been shown to be crucial in the control of
cardiac contraction (Trautwein & Heschler 1990) and diastolic relaxation
{Morgan 1991b),

The force of cardiac contraction is related to the cross-linking of
the actin and myosin filaments of the myocardium which, in turn, shortens the
contractile apparatus (Robertson et al 1982) and results in the actual contraction.
Cross-linking of actin and myosin is itself dependent upon the availabilty of
intracellnlar calcium to bind to the regulatory protein troponin C (Fabiato &
Fabiato 1979). Cyclic AMP mediates the contraction through the elevation of
intracellular calcium via the PKA mediated phosphorylation of voltage
dependent calcium channels of the sarcolemma. This in turn causes the release
of more calcium from the sarcoplasmic reticulum (Morgan et al 1991a). Indeed
it has been shown that agents which elevate intracellular levels of cyclic AMP

are therapeutically useful as positive inotropic agents (Brunkhorst 1989).

Reluxation of cardiac muscle is initiated by the phosphorylation ™

of troponin C by PKA, causing a decrease in the affinity of the calcium binding
site, and of the sarcoplasmic calcium pump, Therefore there is reduced
", availability of calcium for the contractile proteins (Morgan et al 1991b).

Contractile agonists such as PAF (platelet activation factor),
induce the contraction of airway smooth muscle via phospholipase C catalysed
hydrolysis of phosphatidylinositol (4,5) biphosphate into inositol (1,4,5)
triphosphate and sn - 1,2-diacylglycerol (Rodger & Pyne 1992). Vascular
smooth muscle relaxation (Chasin 1972) and airway smooth muscle relaxation
(Torphy 1988) are both under the influence of cyclic AMP, in that, this
nucleotide inhibits contraction by causing a net efflux of calcium from the cell,
which is necessary for contraction (Kukoveiz et al 1981).

Stimulation response of platelets involves the adhesion to sub-
endothelial tissues, secretion of secretory granule components, the formation of

platelet aggregates, increased glycogenolysis and the rapid synthesis of




oxidative metabolites of arachodonic acid, all of which are dependent in one
way or another on intra/extra cellular calcium. Cyclic AMP itself, and agents
which elevate cyclic AMP, inhibit these responses by regulation of the free
calcium level in the platelet, or by the control of calcium-dependent reactions
which are essential for these responses. Cyclic AMP is therefore central to the
control of platelet activation (Feinstein et al 1981).

The above summary of the processes involving cyclic AMP is
by no means expansive, however it highlights the complex systems within

which cyclic AMP is a major component.

1.4 Adenylyl Cyclase

{i)Synthesis of Cyclic AMP
Synthesis of cyclic AMP from ATP is dependent upon the

regulation of the enzyme adenylyl cyclase [E.C. 4.6.1.1; ATP pyrophosphate -
lyase (cyclysing)]. The reaction catalysed by this enzyme can be represented by
Mg2+ATP 3'S' cyclic AMP + 2Pi (fig 1.4.1)

(ihAdenvivl Cyclase Structure

The adenylyl cyclases comprise a diverse family of enzymes
with variations both within and between species. With regard to cellular location
adenylyl cyclase is exclusively plasma membrane associated with exception of
certain bacterial forms which are cytosolic.

Three general classes of adenylyl cyclase exist which are distinct
with respect to the way in which they are associated with the membrane and
include the periphally membrane bound form of Sgcchgromyces cerivisige and
Escherichia coli , the form of the enzyme from Dictyostelium which has a single
transmembrane spanning region and the integral membrane enzyme found in
eukaryotic cells, (Tang and Gilman 1992). Eight isoforms (types I - VIID) of the
eukaryotic integral membrane adenylyl cyclase are known (Krupinski et al

1992) and have been shown to be the products of distinct genes. An overall,




well conserved structure for this enzyme can be seen throughout the eight
isoforms, comprising a short amino-terminal region (N) and two 40kDa
cytoplasmic domains, Ct and C2, between which lies two alternating extremely
hydrophobic stretches, M1 and M2, each of which are predicted to contain six
transmembrane helices (Ishikawa et al 1992).

Among the eight adenylyl cyclases considerable sequence
homology exists between the C1p and C24 regions (fig 1.4.2). These regions
are reputed to be the catalytic sites due to the similarity (~35% identity) to what
is known to be the catalytic domain of guanylyl cyclases (Chinkers and Garbers
1991). Presumabiy the hydrophobic domain is involved in the anchorage of the
enzyme to the membrane for accessability to the membrane receptors.

iii)Adenylyl Cyclase lation by G-Proteins

The signal between receptor and effector (adenylyl cyclase) is
transduced by the heterotrimeric guanine nucleotide-binding proteins or G-
proteins (Gilman 1987). Adenylyl cyclase activity is modulated by receptors
interacting with either Gy (stimulatory) or Gj (inhibitory) which are bound to
the inner surface of the plasma membrane. Heterotrimeric G-proteins consist of
three subunits, alpha which is the largest and which confers G-protein
specificity, together with beta and gamma,

In the resting state the alpha, beta and gamma subunits are
complexed together with GDP (guanosine diphosphate) bound to the alpha
snbunit. Receptor occupancy results in the activation of the G-protein complex
and release of the GDP from the alpha subunit, which is in turn replaced by
GTP (guanosine triphosphate). The alpha-GTP subunit dissociates from the
beta-gamma and diffuses along the inner plasma membrane surface and couples
with the effector. After a few seconds the signal is 'switched off' by the
intrinsic GTPase activity of the alpha subunit which hydrolyses the bound GTP
to GDP, hence rendering the alpha subunit inactive. Once inactivated the alpha

subunit reassociates with the beta-gamma and the complex returns to its resting




state (fig 1.4.3). There is evidence of cross-talk between the phospholipase C
signalling system where it has been shown that activators of PKC, phorbol
esters, increase basal adenyly! cyclase activity (Pyne et al 1993). Phorbol esters
have also been shown to enhance the ADP-ribosylation of the Gg-ajpha sub-unit
by cholera toxin (Pyne et al 1993). Indeed, PKC itself has been shown to
phosphorylate alpha Gg jn vitro , in which it was shown that the substrate of the
reaction was the guanine nucleotide free form of the alpha sub-unit (Pyne et al
1992).

Regulation of adenylyl cyclase is not an exclusive role for the
alpha subunit, for, adenylyl cyclase activity can be modulated by beta-garnma
subunits but in a type-specific fashion. Whereas beta-gamma inhibits type-I
adenylyl cyclase when stimulated by either Gg_alpha or calcium-calmodulin,
beta-gamma greatly potentiates the stimulatory effect of Gs-alpha on either type-
1T or type-IV adenylyl cyclase (Tang and Gilman 1991), These interactions are
dependent on the prenylation of the G-protein gamma subunit (Ifiiguez-Lluhi et
al 1992). Recent evidence also suggests a role for the beta-gamma subunits in
the activation of mitogen-activated protein kinases (MAPK), or extracellular
signal-regulated kinases (ERKS), in COS-7 cells transfected with muscarinic
receptor (Crespo et al 1994) and the alphasa adrenoceptor (Van Blesen et al

1995).
Inhibition of the adenylyl cyclases is mediated by the Gji family

of G-proteins. These include Gj1, Gj2, Gi3 and Gy (Milligan 1988).
Considerable evidence suggests that the major trigger for the inhibition of
adenylyl cyclase is Gi-alpha 2, which has been implicated in a variety of
receptor systems including the thrombin receptor in P9 cells (Watkins et al
1992), leukotriene B4 receptors in HI-60 cells (Goetzel et al 1994), 5-HT1A
receptors in CHO-K1 cells (Raymond et al 1993) and with the glucagon
receptor in hepatocytes (Bushfield et al 1990 and 1991). As with the Gg family,

the beta-gamma complex of Gj proteins plays an important role in adenylyl




/" cyclase regulation. In platelet and the 849 cell line, exogenously added beta-
: gamma complex of Gj proteins was able to inhibit adenylyl cyclase by a

Ki

’ mechanism involving the deactivation of Gg.alpha (Katada et al 1984).

1.5 Inactivation of the Cyclic AMP Signal

In this introduction the mechanisms by which cyclic AMP
synthesis is regulated, the range of biological effects the second messenger is
involved and the funcions of PKA have been discussed. Another vital
component of the cyclic AMP signalling pathway is its degradation. The only
way in which the cells of eukaryotic organisms can terminate the cyclic AMP
signal is through its hydrolysis catalysed by a heterologous family of enzymes
known as the cyclic nucleotide phosphodiesterases (PDEs) (EC 3.1.4.17).
Certainly some organisms such as Dictyostelium (Pitt et al 1992) can extrude
cyclic AMP from the cell, however, the most important method of control of

intracellular concentration of cyclic AMP are the PDEs.

1.6 clic Nucleotide Phosphodiesterases
General Introduction

Following the first experiments by Butcher and Sutherland in the
early 1960's demonstrating enzymatic degradation of cyclic nucleotides, it was
soon apparent, based on the studies by Appleman and co-workers, that multiple
froms of PDE could catalyse the same reaction (Butcher and Sutherland 1962,
Thompson and Appleman 1971, Appleman and Terasaki 1975). We now know
that at least seven different isoenzyme families of PDEs exist which differ in
respect of substrate specificity, regulation, kinetics and inhibitor profile.

Originally PDEs were classified simply on the basis of substraie
hydrolysing ability into cyclic GMP and cyclic AMP PDEs. However, with the
realisation that multiple forms of each class existed it was necessary to develope
a more sophisticated system. The classification system used in this thesis is as
described by Beavo et al (1994). Most of the individual types of PDE have

closely related subfamilies, that is, are products of distinct but highly




homologous genes, which give rise to alternatively spliced mRNAs. Indeed,
members of one family generally share ~20-25% sequence similarity with
members of another family, which oceurs in the region thought 1o be involved
in catalysis (Chen et al 1986, Charbonneau et al 1986). Therefore, PDEs are
classified into species (capital letter), gene family (PDE + Arabic numeral), gene
{capital letter) and splice variant , for example HSPDE4AL.

The functional relevance for the existance of so many
isoenzymes of PDEs can be explained by the differential expression in selected
cell types, and the regulation of the different isocenzyme forms by a variety of
intracellular components, which allow the manipulation of specific isoforms in
an individual cell type. Also the opportunity is there for the development of
specific pharmacological tools which could be used to target an isoenzyme
form, and therefore be potentially useful from a therapeutic perspective.

1.7 Cyclic GMP Metabolising Phosphodiesterases
)PDE1 - Calmodulin Stimulated PDE

The family of calmodulin {CaM} stimulated PDEs (PDE1) is one
of the best characterised. Discovered in the 1960s from experiments on bovine
brain (Cheung 1967), it was one of the first cyclic nucleotide PDEs to be
purified to homogeneity and characterised in terms of molecular properties.
Although detected in various tissues the enzyme is predominantly found in
mammailian brain (Sharma et al 1980) and heart (L.a Porte 1979).

a)Cellular Distribuition

Although CaM stimulated PDE is generally considered to be
cytosolic, as shown in neurcnal cytoplasmic preparations (Kincaid et al 1987),
the precise cellular location varies with tissue type. For example PDE1 activity
has been localised to the synaptic density membrane fraction of rat brain (Grab
1981) and to particulate fractions of heart and kidney (Kakiuchi et al 1978). The
differences noted in cellular distribution occur because of tissue specific

differential isoenzyme expression.
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b)Structure

Structural characterisation studies have shown the CaM
stimulated PDE to be a dimer composed of identical subunits which vary in
molecular weight between 58 10 63kDa with each individual iscenzyme. Each
subunit can bind 2 molecules of CaM in the presence of Ca2+, with CaM and
Ca2+ synergistically interacting to activate the PDE. Therefore, an elevation of
the intracellular concentration of Ca2+ results in the increased affinity of the
enzyme for CaM (Richman and Klee 1978).

¢)Substrate Specificity and Regulation

Basal PDEI activity can be increased up to 20 fold in the
presence of Ca2+ and CaM with both the basal and stimulated activities
showing Mg2+ dependency (Wang et al 1990). Kinetic analysis on purified
preparations have shown that although PDE1 can utilise both cyclic AMP and
cyclic GMP as substrate the predominant isoenzyme species show a higher
affinity for cyclic GMP in vitro (Kakurchi et al 1973), hence these enzymes are
classified as cyclic GMP PDEs,

Hormonal regulation of PDE1 has been reported in studies in
which agonists which increase intracellular Ca2+, cause a decrease in
intracellular cyclic nucleotide (Sumners and Myers 1991). This was shown to
be independent of adenylyl or guanylyl cyclase inhibition, therefore the
regulation of PDEL is an essential component of the Ca2+ signal transduction
pathway, The PDE] isoenzyme is selectively inhibited by vinpocetine with
inhibition resulting in effects on the central nervous system (de Noble et al
1986) and vasculature (Ridaka and Endo 1984).

Recent evidence (Spence et al 1995) has identified a novel link
between the lipid and cyclic AMP signalling systems involving PDE1. Spence
et al (1995) has shown that upon selective overexpression of PKC isoforms in

chinese hamster ovary cells, an induction of PDE1 activity occured. It has been

11

e e "



suggested that this PKC mediated induction, was via regulation of PDE1 gene
expression by the AP-1 (fos/jun ) complex.

GDPDES Cyclic GMP Specific Phosphodiesterase

Originally the PDES family encompased subgroups including the
retinal cyclic GMP PDE rod outer segment FDE (ROS) (Yamazaki et al 1980),
cone PDE (Gillespie and Beavo 1988) and the cyclic GMP specific PDE from
lung (Francis et al 1980). However on the basis of distinct sequence differences
between the retinal and lung PDEs these were categorised as PDE6 and PDES
respectively.

The cyclic GMP-binding-cyclic GMP-specific PDE (cGBPDE)
or PDE5 was first recognised in the supernatant fractions from lung
preparations by Lincoln et al (1976). This PDE isoenzyme family is
characterised by the hydrolytic activity being highly specific for hydrolysis of
cyclic GMP with the inability to hydrolyse cyclic AMP. PDES is present in
tissues including rat (Thomas et al 1990a) and bovine lung (Francis and Corbin
1988), human platelets (Hamet and Coquil 1978), rat spleen (Coquil 1983),
guinea-pig lung (Burns et al 1992) and vascular smooth muscle (Hamet et al
1984).

The native molecular weight of PDES5 from rat and bovine lung
has been delineated to be ~177 kDa (Frances et al 1980) and from guinea-pig
lung ~90kDa (Burns & Pyne 1992). PDES has been partially purified from %,
guinea-pig lung (Bums et al 1992), and has been characterised by its specificity
for cyclic GMP with a Ky of ~2.2uM and Vmpax of 1.2nM / min / mg.
Purification of the enzyme from guinea-pig lung has shown it 10 be kinetically
similar to, and with an inhibitor profile resembling, that isolated from bovine
(Francis & Corbin 1988) and rat lung (Thomas et al 1990a,b).

PDES has in addition to the catalytic site a non-catalytic binding

site, to which, a function has not yet been clearly attributed. Thomas et al
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(1990a,b) suggest that the function of the non-catalytic site may be to stimulate
the hydrolytic activity of the PDE. The non-specific PDE inhibitor IBMX,
which potently and competitively inhibits PDES, binds to the catalytic site of
PDES and is known to increase the binding of cyclic GMP to the non-catalytic
site (Frances and Corbin 1988). It is thought that this situation can work in
reverse, in that, binding of compounds to the non-catalytic site can increase the
binding and hydrolysis of cyclic GMP at the catalytic site (Thomas et al
1990a,b).
(b)Phosphorylation by Protein Kinase A and

Protein Kinase G

Partially purified PDES from guinea-pig lung (Burns et al 1992)
has been shown to be phosphorylated iz vifro by both protein kinase A and
protein kinase G (Burns et al 1992, Burns & Pyne 1992, Thomas et al
1990a,b). PKA mediated increase in PDE activity was sensitive, in a dose
dependant manner, to alkaline phosphatase treatment (Burns & Pyne 1992).
Burns and Pyne (1992) suggest that it is not necessary for cyclic GMP to bind
to the enzyme prior to the activation by PKA. This is in contrast to the study by
Thomas et al (1990b), in which it was shown that cyclic GMP binding was a
pre-requisit to activation by PKA. Burns and Pyne (1992) propose that either
the differences are due to different PDES isoforms, or that a regulatory protein
which binds to the non-catalytic site, is present in the purified preparations
which enables the phosphorylation to occur.

Phosphorylation by PKA increases the Vmax of the reaction of
cyclic GMP hydrolysis and also decreases the sensitivity of PDES to inhibition
by zaprinast (Burns et al 1992). The loss of sensitivity to zaprinast is shown
through the loss of non-competitive inhibition when phosphorylated by PKA.
Thus, PDE activation via PKA, may involve a mechanism where the non-

catalytic sites to which zaprinast binds are perturbed (Burns & Pyne 1992),




The physiological consegences of PIKA mediated
phosphorylation are unknown. There is evidence however, of cross-talk
between the cyclic AMP and cyclic GMP signalling systems. Agonists which
induce contraction of smooth muscle are known to accumulate cyclic GMP
{(Nakatuso & Diamond 1989). Thus, an increase in cyclic AMP, for example via
beta-adrenoceptor agonists in smooth muscle, would decrease the inhibitory
cyclic GMP pool by activating PDES5 in a PKA dependent manner (Burns et al
1992),

c)isolatio ine ¢cDNAs Representing PDE

A full length cDNA clone has been isolated from a bovine lung
c¢DNA library, which upon expression in COS-7 cells was shown to encode a
protein kinetically similar to that isolated and purified from bovine lung (Burns
et al 1995). Partial clones form a murine lung ¢DNA library have been
subsequently isolated using the bovine cDNA 32P-labelled clone as a probe.
Two partial clones isolated were of interest and were shown to encode the PDE
catalytic domain found throughout the PDE family, and a region which is
proposed to contain the cyclic GMP binding site. These mouse clones are the
subject of present study and are being used to isolate the full length mouse
clone, to identify the localisation of the mouse PDES in tissues and the identity
of any spliced variants which may exist (Burns et al 1995),

Corbin and coworkers have cloned and expressed bovine PDES
and have shown that the enzyme is phosphorylated in the whole cell.
Mutagenesis studies by this group have also shown that at least two different
types of cyclic GMP binding sites are present. This group have also noted a
conserved motif in all PDEs, Hx3Hx-20E, which is thought to function as a
zin¢ binding site (Francis et al 1994). Of interest, Pyne and coworkers have
shown that the inhibitory effect of zaprinast on PDES could be due to its ability

to chelate zinc (Beavo et al 1994).

(ii)PDE6 Retinal Rod and Cone Phosphodiesterses




The mammailian visual pathway is modulated by cyclic GMP
specific PDEG isoenzyme family, which hydrolyses cyclic GMP in response to
light in both rod and cone photoreceptors.

(a)Visual Pathway

In rod photoreceptors the visual pathway is triggered when the
protein rhodopsin absorbs a photon of light (Wald 1968). This converts the
rhodopsin into its activated form which in turn activates transducin. Transducin
is a heterotrimeric guanine-nucleotide-binding protein of three subunits Talpha
which has GDP bound in its inactive state , Tpeta and Tgamma. Activation of
transducin by rhodopsin involves the exchange of GDP bound to the Talpha
subunit with GTP. Once GTP is bound the Talpha subunit dissociates from the
Theta-Tgamma complex to activate the PDE through the removal of its
inhibitory subunit and leaves the PDE free to hydrolyse cyclic GMP (Fung et al
1981). A cation channel in the plasma membrane of rod photoreceptors, which
primarily transports Nat, is gated and activated by cyclic GMP, therefore
lowering the cyclic GMP concentration by PDE decreases the Nat influx by
closing the channel (Yau and Nakatani 1985, Matthews 1987). This membrane
hyperpolerisation generates the neuronal signal and constant Nat flow
maintains depolarisation of the membrane in the dark. A Ca2+ sensitive
guanylate cyclase is stimulated by low levels of Ca2+, which results from the
action of a Nat/Ca2+ exchanger, and restores cyclic GMP levels after
illumination (Zuckermann 1973).

Little is known about the role of the cone PDEs in
photoperception. Obvious physiological differences occur between rods and
cones which come into play in low and high luminesence situations
respectively. Despite this, cone specific PDE isoenzymes exist and it is expected
that cone visual transduction processes are similar to that of rods.

R h
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The bovine rod cyclic GMP PDEs are composed of three types
of subunit, the 88kDa alpha subunit, the 84kDa beta subunit and two inhibitory
13kDa gamma subunits which keep the PDE in an inactive state during resting
(Baehr et al 1979, Deterre et al 1988). Evidence suggests that all three types of
subunit undergoe significant post translational modification. Relevance of these
post translational modifications are unclear however, the C-terminal cysteine
modification presumably orientate the PDE correctly in the membrane and are
neccessary for the normal function of the PDE. Both the alpha and beta subunits
are methylesterified at a C-terminal cysteine and are differentially prenylated by
fammesylation and geranylgeranylation respectively. In addition, PDE alpha and
gamma can be phosphorylated by a protein kinase C (PK.C) isoenzyme but no
change in activity was noted (Udovichenko 1993, Anant et al 1992).

1.8 Cyclic AMP Phosphodiesterases
(\)PDE2 - Cyclic GMP Stimulated Phosphodiesterase

After initial identification of a cyclic GMP stimulated PDE
(c¢GsPDE) or PDE2 activity in soluble fraction of a rat liver preparation (Beavo
et al 1970), several other tissues were similarily studied for evidence of this
PDE. cGsPDE was fdund_ in rat brain (Beavo et al 1971), adipose tissue (Klotz
and Stock 1972) and human platelets (Hidaka and Asano 1976).

The PDE2 family is characterised by the allosteric regulation of
cyclic AMP and cyclic GMP hydrolysis with positive co-operative kinetics.
Two distinct subfamilies of this enzyme exist , PDE2AI1 the heart / adrenal
isvenzyme (Martins et al 1982), PDE2A2 the membrane bound form
(Yamamoto et al 1983) and the PDE2B1 liver form (Pyne et al 1986) which
may be a proteolytic product of PDE2A due to its smaller molecular size.
However, both membrane and soluble phosphorylated proteins are found,
which might imply the existence of two distinct splice variants.

a)Kinetics
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Studies on the purified enzyme have shown that the PDE is
dimeric and hydrolyses both cyclic GMP and cyclic AMP. Cyclic GMP
however, is both the prefered substrate and activator of cyclic AMP hydrolysis.
Allosteric regulation of the enzyme is considered to occur distal to the catalytic
site (Moss et al 1977). Reports on the bovine adrenal isoenzyme have shown
that stimulation of cyclic AMP hydrolysis correlates with the binding of 3H-
cyclic GMP at adistinetsite (Miot et al 1985). It is as yet unclear as to whether
cyclic AMP and cyclic GMP are hydrolysed at the same or different sites,

b)Physiologic

One important aspect of this enzyme family is the ability to
hydrolyse both cyclic AMP and cyclic GMP. In situations where both cyclic
nucleotide concentrations are elevated, then the hydrolysis of one cyclic
nucleotide can be stimulated by the other. Studies ﬁave shown that cyclic GMP
is a more potent activator of cyclic AMP hydrolysis (Moss et al 1977) than vice
versa. This unique situation has been shown to be of key physiological
significance in the adrenal gland, particularily associated with aldosterone
production. Stimulation of the atrial natriuretic factor receptor, coupled to the
guanylate cyclase effector system in the adrenal gland resuits in an elevated
cyclic GMP concentration with a concominant decrease in cyclic AMP,
ultimately effecting cyclic AMP mediated responses (MacFarland et al 1987).
The search for an isoenzyme selective inhibitor of this PDDE has been relatively
unsuccessful, except for the compound EHNA (erythro-9-(2-hydroxyl-3-
nonyl)-adenine) which is commonly used as an adenosine deaminase inhibitor
(Méry & Fischmeister 1994), EHNA was reported to be the same compound as
previously described (MEP-1} by Podzuweit (1995), The IC5¢ for PDE
inhibition (~11tM) is significantly less than the concentration of EFINA used to
inhibit adenosine deaminase. EHNA was shown to antagonise cyclic GMP

effects, mainly inhibition of L-type Ca2+ current, in isolated frog ventricular




myocytes (Méry et al 1995). It would therefore seem that this compound will be
invaluable in determining other functions of ¢cGsPDE.

In addition ¢GsPDE functions as an important transducer of
cyclic GMP as a second messenger in the brain, Evidence to support this comes
from the abundance of the enzyme responsible for cyclic GMP formation,
guanylate cyclase (Nakane et al 1983) in various neuronal cell types.
Expression of the molecular target for cyclic GMP the cyclic GMP dependent
protein kinase (I.ohmann et al 1981) and a more widespread expression of
cGsPDE (Repaske et al 1993, Sonnenberg et al 1991) has also been
demonstrated in mammilian brain,

iDPDE3 - i hibi hosgph

The PDE3 cyclic GMP inhibited enzymes (¢GIPDE) form an
isoenzyme class of cyclic AMP hydrolysing enzymes which are
characteristically inhibited by micromolar concentrations of cyclic GMP. This
isoenzyme form has been identified in and purified from tissues such as adipose
(Degerman et al 1987, Saltiel and Steigerwalt 1986), bovine cardiac ventricle
(Harrison et al 1986) and rat liver (Pyne et al 1987).

Kineti

From tissues which have been studied so far, with the exception
of the 'dense-vesicle’ PDE, the PDE3 family appear to be peptides of native
molecular size 105 - 135 kDa. However, these PDEs are particularily sensitive
to endogenous proteolysis producing fragments of around 30 - 80 kDa in size.

Dense-vesicle' PDE has been purified to apparent homogeneity
from rat liver (Pyne et al 1987), and is activated in hepatocytes by glucagon in a
cyclic AMP dependent manner (Heyworth et al 1983) and also by insulin
through an unknown mechanism (Loten et al 1978, Loten et al 1983, Heyworth
et al 1983, Houslay et al 1983), The rat liver hormonally activated 'dense-

vesicle' PDE was shown to be an integral membrane protein anchored to the

membrane bilayer via a 5 kDa peptide (Pyne et al 1987), Native ‘dense-vesicle'




enzyme has a molecular mass of approximately 62 kDa. However, during
purification this 5 kDa membrane anchor becomes cleaved yielding a 57 kDa
clipped species (Pyne et al 1987). Evidence also suggests that the PDE may
exist as a 110kDa dimer in situ (Pyne et al 1987).

Similar Ky values have been reported for the hydrolysis of
cyclic AMP and cyclic GMP by the PDE3 PDEs isolated, with concentrations
ranging from 0.1 - 0.8uM for both substrates and Vipax values greater for
cyclic AMP than cyclic GMP. These enzymes also exhibited linear Michaelis-
Menten kinetics for substrate hydrolysis (Degerman et al 1986, Degerman et al
1988 and Harrison et al 1986). On analyéis of the 'dense-vesicle' PDE it was
shown to be unusual in its class by virtue of it being a high-affinity cyclic AMP
PDE which has low Ky and Vipngx values for cyclic GMP, suggesting & high
affinity for cyclic GMP (Pyne and Anderson 1987, Marchmont et al 1981 and
Pyne et al 1986).

The hallmark of the PDE3 class, including the ‘dense-vesicle’
PDE, is the potent competitive inhibition by cyclic GMP with an ¥C5p value in
the range of < 1uM. Similarily the compound cilostimide is selective for the
inhibition of PDE3 with reported IC50 values of < 0.1uM for PDE3 from
human and bovine platelets (MacPhee et al 1986, Grant and Colman 1984),
Functional effects of pharmacological inhibition of PDE3 include inhibition of
platelet aggregation (Simpson 1988) and stimulation of lipolysis (Elks and
Manganiello 1984).

ation of C

Hormonal regulation of PDE3 has been investigated and well
characterised in rat adipocytes (Anderson et al 1989), in 3T3-L1 adipocyte cell
line (Vasta et al 1992) and in hepatocytes (Heyworth et al 1983). In adipocytes,
lipolysis is promoted by hormaones such as adrenaline via beta adrenoceptor
stimulation (Anderson et al 1989) which results in the elevation of the

intracellular cyclic AMP concentration. Conversely stimulation of these cells by




insulin causes an antilipolytic effect by reduction of cyclic AMP within the cell.
Thus, in adipocytes there is a fine balance between cyclic AMP production by
adenylyl cyclase and cyclic AMP degradation via PDEs. Reduction in cyclic
AMP levels in adipocytes has been shown to be centrally controlled by a PDE3
which is found exclusively associated with the endoplasmic reticulum
subfraction and is stimulated by both insulin and isoproterenol, a beta
adrenoceptor agonist (Anderson et al 1989).

The activation of PDE3 in adipocytes is the result of
phosphorylation of specific serine residues (Smith et al 1991). The kinase
involved in the activation of the PDE via beta adrenoceptor occupancy is
thought to be PKA (see chapter section 1.2) (Vasta et al 1992), however the

identity of the kinase involved in vivo mediating the action of insulin is more

: intriguing. [n_vitro experiments with 3T3-L1 cells have shown PDE3

. phosphorylation and activation through PKA. However, it is unlikely that

I‘ »+ insulin promotes PDE3 phosphorylation via PKA iz vivo since the challenge of
| -adipocytes with insulin inhibits lipolysis through cyclic AMP reduction,

An analogous PDE3 to the hepatocyte 'dense-vesicle' form
(Heyworth et al 1983) is present in adipocytes (Anderson et al 1989). Both
adipocyte and hepatocyte cGIPDE are phosphorylated by PKA jn vitrg and are
similarily activated by insulin and isoproteronol.

Inhibition of PDE3 is thought to be the underlying mechanism of
action of PDE3 inhibitors such as milrinone (Brechler et al 1992). In light of
this a human PDE3 has been cloned from myocardial tissues (Meacci et al
1992). Subcellular fractionation studies on mammalian myocardium by other
investigators has shown a PDE3 activity associated with the sarcoplasm (Smith
et al 1993), which presumably has functional relevance in controlling
intracellular Ca2+ leading to a positive inotropic response. This has been shown

to be the case for the positive inotropy produced by glucagon, which activates a
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specific Ca2* channel type in myocytes, mediated by the inhibition of PDE3
(Méry et al 1990) in a pertussis toxin sensitve manner (Brechler et al 1992).
1.9 ic AMP ific PDE,

The PDE4 cyclic AMP specific enzymes are, like the other PDE
classes, a diverse isoenzyme family which are characterised by a high
specificity and affinity for cyclic AMP. In view of their complexity the PDE4
family have been known by a variety of names, namely peak III PDEs due to
their elution profile from DEAE - cellulose (Weishaar et al 1985), cyclic AMP
PDEs and high-affinity or low Km PDEs (Weishaar et al 1985, Thompson et al
1984), type IV PDEs (Strada and Thompson 1985, Beavo 1990) and PDE4
(Beavo et al 1994). Their substrate specificity aside, cyclic AMP specific PDEs
are also distinguishable by their inhibition by a selective group of compounds
including the antidepressant drug rolipram and Ro-20-1724 and their
insensitivity to inhibition by cyclic GMP .

iMsolation rification of PDE4

Most cells possess cyclic AMP PDEs which hydrolyse substrate
with both ‘high' and 'low' affinity (Erneaux et al 1980). At cyclic AMP
concentrations in the lower range of 0.1 - 10uM the ‘high’ affinity PDEs
rapidly reach Vmax, whereas the 'low' affinity PDEs operate in the mnge of 10
- 50uM. Therefore, it seems likely that the ‘high' affinity cyclic AMP PDEs
play a key role in the signal transduction initiated by hormones which produce
only a minor change in the cyclic AMP intracellular concentration. However, it
should be noted that the labelling of cyclic AMP PDEs as either 'low affinity’ or
'high affinity’ is indeed a simplification , where it is possible that even one
enzyme can possess both properties giving rise to anomolous kinetics
(Marchmont et al 1981} or, that the cyclic AMP hydrolysing activity in a given
cell type could be made up of PDE4 isoforms hydrolysing substrate at different
rates. It is therefore neccesary to isolate the PDE to characterise its activity,

which is possible by physical separation such as DEAE-cellulose (Weishaar et




al 1985, Lavan et al 1990), by analysis with a specific inhibitor or by the
cloning the PDE activity using sequence specific probes.

Prior to molecular cloning technology the isolation of PDE4
isoforms proved to be difficult because of various factors including the PDE4
isoforms being present only in trace amounts, they can be compartmentalised
within the cell, and Jike other PDEs are unstable and easily proteolysed. Despite
this, PDE4 isoforms have been isolated from a variety of tissues and species
including human heart (Reeves et al 1987) and rat liver and hepatocytes
{Marchmont et al 1981, Lavan et al 1990). One of the first characterised and
purified to apparent homogeneity was the peripheral plasma membrane (PPM)
PDE from rat liver (Marchmont et al 1981, Houslay & Marchmont 1981, Pyne
et al 1987, Pyne et al 1989).

{i)Peripheral Plasma Membrane PDE

The PPM PDE has been purified to apparent homogeneity from
rat liver and is hormonally activated by insulin (Marchmont et al 1981).
Marchmont et al (1981) have shown this PDE to be a 52 kDa monomer which is
associated with the cytosolic surface of the plasma membrane through ionic
interactions, and is localised via an integral membrane protein (Houslay &
Marchmont 1981). PPM PDE is also found, and expressed in similar levels, in
rat kidney, heart and white adipose tissue (Pyne et al 1987). This PDE was
shown to be distinct from the ‘dense vesicle' liver PDE by virtue of their
different subcellular locations (Heyworth et al 1983) and that the PPM PDE is
activated by insulin via tyrosyl phosphorylation (Pyne et al 1989). Most
important was the observation that the PPM PDE was insensitive to inhibition
by cyclic GMP (Marchmont et al 1981) or ICI118233 (Pyne et al 1987) which
are known to inhibit the 'dense vesicle' PDE but it was sensitive to inhibition by

the type IV PDE inhibitor Ro 20-1724.
1.10 PDE Activities isolated from Drosophila melanogaster,




One of the early approaches into studying PDE4 isoforms was
concerned with the cyclic AMP specific PDE from Drosophila melanogaster,
Early observations by Davis and Kiger in 1978, demonstrated that cyclic AMP
levels could be genetically manipulated in Drosophila adults. It was shown that
the levels of cAMP in these flics were dependent on the presence of the region
3D3-3D4 of the X-chromosome, and that by varying the number of doses of
chromomere 3D3-3D4, the activity of the cyclic AMP PDE could be controlled
in a dose dependent manner, Flies completely deficient in chromomere region
3D3-3D4, had elevated levels of cyclic AMP compared to those flies with 1, 2
or 3 doses of this chromomere region. However, cyclic GMP levels were not
altered by the absence of chromomere region 3D3-3D4, These observations
demonstrated that the cyclic AMP levels in these flies were genetically
determined, and suggested that this particular chromomere region contained a
structural or regulatory gene necessary for cyclic AMP PDE activity.

Subsequent studies (Kiger and Golanty 1979, Davis and Kiger
1980, Davis and Kiger 1981) supported the idea that chromomere region 3D3-
3D4 did contain the gene or genes which conferred PDE activity. It was shown
that two distinct forms of PDE activity, Forms I and IT, could be isolated fromn
normal adult Drosophila. Form I was characterised as a heat stable enzyme,
which hydrolyses both cyclic AMP and cyclic GMP with equal affinity, and is
activated by calcium. PDE Form IT was also a heat labile enzyme with a lower
molecular weight than Form I but was specific for hydrolysis of cyclic AMP
only. The activity of the Form II enzyme was dependent on high magnesium
concentrations but unlike Form I was insensitive to calcium activation. Form IT
was shown to be absent in flies deficient in chromomere region 3D3-3D4,
Therefore, genetic dosage of chromomere region 3D3-3D4 affects the activity of
Form II, in a manner which suggests this region may include the structural
gene. However, the calcium / calmodulin dependent enzyme, Form I, was not

affected. Using present day isoenzyme nomenclature, Form I could be




characterised as a member of PDE1 (see section 1.7.(i), and Form I, the FDE
deficient in flies with a genetic deletion of chromomere region 3D3-3D4, a
PDE4 isoenzyme.

DHMutants of Dr ! T

Mutant flies carrying a genetic deletion at the chromomere region
3D3-3D4 are termed dunce mutants. This arose from the observations that
deletions of this region of the X-chromosome results in a particular phenotypic
learning defect. Dunce mutants fail to learn in olfaction tests associated with
electric shock (Byres et al 1981) Other physiological characteristics of dunce
mutants are known and include, female (Mohler 1973 and 1977) and male
(Kiger 1977) infertility . The absense of imaginal disc derivatives such as legs,
halteres, hemitergites and genitilia (Kiger 1977) has been shown to be a
maternal defect in the dunce mutants. The connection between each of the
aforementioned phenotypic characteristics is a genetic mutation of the dunce
gene which results in an aberration of cyclic AMP metabolism.

(ii)Identification of the dunc_Gene Product

Previous reports have implied that cyclic AMP metabolism is
closely involved in reproduction and learning/memory in Drosophila. However
some ambiguity existed as to the identity of the dunce gene product. Originally
it was suggested that either the gene encoded a cyclic AMP PDE (Davis and
Kiger 1981), or that the dunce gene encodes a protein which has an effect post-
transiationally to interact and activate the PDE catalytic activity. The later was a
possibility considered by Chen et al (1986) who conducted experiments
screening drosophila adult, pupal and embryonic cDNA libraries using unique
genomic restriction fragments of drct as probes. The duct gene was isolated
by the chromosome walking technique (Davis and Davidson 1984) which
generated six RNAs subsequently reported as dnct gene products (Davis and
Davidson 1986).

{iin)Molecular Analysis of the duync Gene




Molecular analysis of ¢cDNAs isolated by Chen et al (1986)
revealed that the open reading frame of dnct showed similarity to other protein
encoding genes which suggests that dnc™ does indeed encode protein in vivo.
Comparison of the protein sequence of Drosophila dunce gene (Chen et al
1986) with the protein sequences from other PDEs such as the calcium /
calmodulin stimulated PDE from bovine brain, the cyclic GMP stimulated PDE
from bovine heart and the yeast PDE2 gene (Sass et al 1986), revealed a 200-
270 residue segment in each that is homologous to the others and which appears
to be constrained to the carboxyl segment of this protein (Charbonneau et at
1986) ( fig 1.10.4). The homologous segment is proposed to comprise the
catalytic domains in the set of enzymes analysed. Bacterial expression systems
used to express truncated cDNA clones lacking this ~270 amino acid sequence
are devoid of PDE activity (Swinnen et al 1989). Within the ~270 amino acid
sequence several residues are conserved, in particular histidine which could
determine protein folding or substrate interaction. However, outside this region
of homology which is proposed to contain the catalytic region, there are no
common sequences found throughout the PDE superfamily, however sequence
similarities are known to exist within an isoform family., The dunce gene
product was fonnd to share a seven amino acid sequence with the RIT sub-unit
of the cyclic AMP-dependent protein kinase that is predicted to be part of the
cyclic AMP binding site. Thus, considering the region of sequence homology
with other PDEs and with the cyclic AMP dependent protein kinase, this
evidence strongly suggested that the dunce encoded protein is a functional PDE
(Chabonneau et al 1986, Chen et al 1986).

1.11 Rat Homologues of the Drosophiladunc Gene

Further evidence in support of the Drosophila dunce gene
encoding a functional PDE, came from studies which involved the molecular
cloning of rat homologues of the Drosophila gene (Swinnen et al 1989,

Swinnen and Joseph et al 1989, Swinnen et al 1991). The approach used to
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isolate mammalian dunce gene counterparts involved the screening of a rat
cDNA library of rat testis origin, with a 32P- labelied Drosophila dunc cDNA
clone (Swinnen et al 1989). Four ¢cDNA clones (ratPDE 1 - 4) were
subsequently isolated and demonstrated that not only were the four clones
homologous to each other, they also contained within the sequences the 270
amino acid region discussed in section (iv) (fig 1.10.4). Differential tissue
expression of the PDE clones, and the existence of little homology outwith the
270 amino acid region suggested that the cDNAs originated from genes which
were distinct and related, as opposed to products of alternative splicing of the
one gene. The existence of distinct PDE genes provides some basis, at least
from a molecular point of veiw, for the heterogeneity observed throughout the
PDE superfamily. These studies resulted in the isolation of four groups of
cDNA clones of rat testis origin with considerable homology to the Drosophila
dunce gene. Three of these cDNA clones were used for transformation of
bacteria (Swinnen and Joseph 1989). These transformations increased PDE
activity in the bacterial extracts suggesting that the cDNA clones were derived
from transcripts encoding functional enzymes. This can also be said of the
Drosophila dunc gene product due to the significant sequence homology with
the cDNA clones. The sequence analysis of dunc ¢DNA clones (Chen ¢t al
1986) therefore confirms the initial biochemical stedies which suggested the
gene encoded a PDE ((Davis and Kiger 1978, Kiger and Golanty 1979, Davis
and Kiger 1980).

The significance of the isolation of these homologous cDNA
clones of the Drosophila dunc gene is in the origin of the cDNA library - a rat
testis cDNA library. This suggested a role for cyclic AMP PDEs in
gametogenesis in a mammalian species. It is therefore interesting to note that
deficiency of the dunc gene in Drosophila has an effect on both male and

female fertility (Mohler 1973 and 1977, Kiger 1977)
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Certain ambiguity arose from the initial biochemical analysis of these
enzymes which highlighted specific problems in the isolation of these isoforms,
such as inconsistent reports of molecular size due to sensitivity of PDEs to
proteolysis, which resulted in the purification of catalytically active fragments,
and the isolation of a mixture of PDEs as opposed to one isoform. The
instability of the PDE4 family is one of the many problems encountered when
analysing these proteins. However, studies using Drosophila melanogaster
and Sgccharomyces cerivisiae have had a particular important role to play in the
study of PDE4 from a molecular genetic perspective. Two independent groups
using different strategies have isolated two cDNA clones RD1 (rat dunc-1)
(Davis et al 1989, Davis and Henkle-Tigges 1989) and DPD (dunc - like
phosphodiesterase) (Colicelli 1989) from a rat brain cDNA library.

i)solation of RD1 (PDE4A1 -Bybridisation with

dunc_Gene Probe

Given that cyclic AMP PDEs play such a central role in the
neuronal processes of learning and memory in Drosophila, and their involvment
in the control of reproduction of these flies, the investigation for mammilian
homologues was considered critical. The strategy undertaken by Davis et al
(1989) involved screening genomic libraries from different species. Initially, a
¢cDNA probe was constructed which corresponded to a section of the
Drosophila dunc gene, and was used to screen a variety of genomic cDNA
libraries including rat. Subsequently the rat dunc -1 gene was isolated. A
fragment of the rat dunc -1 genomic clone, which had a high degree of
homology to the Drosophila dunc gene, was used to probe a rat brain cDNA
library and resulted in the isolation of the clone RD1. The homology of the
predicted product of RD1 with other PDEs was compared (Davis et al 1989),
Sequence comparison of cDNA clones RD1 and DPD have shown a high
degree of homology in the conserved 270 amino acid region. However within

this homologous region, approximately half of the identical residues use
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aiternative codons, and outwith the region little sequence similarity is seen either
upstream or downstream suggesting they are products of distinct genes (Davis

et al 1989, Colicelli et al 1989),

(i) Isolation of DPD (PDE4B1) by Suppression of the ras 2vall¥
utation of ¢ rivisi

In the study which reported the isolation of DPD (Colicelli et al
1989) a different strategy to that used in the isolation of RD1 was employed.
The second strategy involved searching for cDNA clones whose expression
would suppress the phenotype associated with the ras 2val19 mutation in

Saccharomyces_cerivisige encodes two genes RAS 1 and 2
homologous to the mammalian RAS oncogene family. RAS genes represent the
transforming genes found in many human tumours, and encode for 21kDa GTP
binding proteins (p21) which are associated with the plasma membrane (Gibbs
et al 1984 and 1985). In Saccharomyces cerivisige disraptions of both genes
results in growth failure, however, normal growth patterns are restored if
double mutants are transformed to express either human (Kataoka et al 1985) or
viral (DeFeo-Jones et al 1985) RAS.

RAS functions to modulate adenylyl cyclase activity in
Saccharomyces cerivisige as removal of the influence of RAS has been shown
to result in deficient adenylyl cyclase activity (Toda et al 1985), Purified yeast
RAS 1 or 2, or the human counterparts have been shown to activate yeast
adenylyl cyclase in reconstituition experiments (Brock et al 1985), where the
RAS protein is replaced in mutant cells by RAS from either mammalian or
yeast origin,

Regulation of adenylyl cyclase by RAS in yeasi can be
attributed to the similarities between G-proteins and RAS, that is, concerning
their membrane association, ability to bind guanine nucleotides (Shih et al 1980)

and have intrinsic GTPase activity (MCGrath et al 1984). Gilman (1984) has
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suggested that on the basis of this and of sequence homology between RAS and
the alpha subunit of G-proteins that both proteins do share a similar function.
Guanine nucleotide binding is associated with the activation of yeast cyclase
(Casperson 1983) and with the cloned yeast RAS- 2 product (Tamanoi et al
1984) which is a protein of similar size to the alpha subunit of G-proteins.

An analogous situation to the loss of G-protein alpha subunit,
that is the loss of cyclase activation, is reported when the RAS- 2 gene is
disrupted (Toda et al 1985). This supports the notion that the RAS- 2 gene
encodes a protein similar to the G-protein alpha subunit. Indeed, in
Saccharomyces cerivisige  ras 2V3119 mutants which encodes valine at the
nineteenth codon instead of glycine, cyclase is constitutively activated (Toda et
al 1985) presumably due to the loss of GTPase activity, therefore the activation
of cyclase is not terminated by the return to the resting GDP bound RAS .
Similar levels of adenylyl cyclase activation to the result of the ras 2vall9
mutation are seen with the non-hydrolysable GTP analogue guanosine 5' -(beta-
gamma-imido)triphosphate (Gpp(NH)p) (Broek et al 1985).

The ras 28119 missense mutants are typified by a particular
phenotype which is manifested as an abnormal response to nutrient stress
summarised by Toda et al 1985. Wher the ras 2V3l19 mutants are nutritionally
deprived of nitrogen and sulphur they lose viability and terminally arrest at all
growth phases whereas the wild-type arrest in the unbudded state. Correlation
exists between the ras 2Val19 mutation and the inability to accumulate glycogen
and trehalose when entering the stationary phase of growth. Adenylyl cyclase
activity in ras 22119 mutants is increased ~4 fold which would correspond to
the increase in cyclic AMP levels and the increased PKA dependent control of
metabolism, that is glycogen levels. The ras 2vall9 muration renders yeast
unable to respond to changes in the nutritional environment and intolerant to
heat shock (Toda et al 1985, Sass et al 1986). Therefore the overexpression of

any of the contributory elements of the cyclic AMP signalling pathway in yeast,
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for example, high level expression of adenylyl cyclase (Kataoka et al 1985),
overexpression of PKA (Sass et al 1986) or the deletion of the regulatory
subunit of PKA (Matsumoto et al 1982) produce the same phenotype as that
seen with the ras 2V#l19 mutation. In order to overcome these nutritional
restrictions the yeast has to reduce the level of intracellular cyclic AMP, and the
only mechanism by which the cell can do this is by a cyclic AMP PDE. As in
the study by Collicelli et al {1989) ¢DNA clones which encode a PDE can be
isolated in this system, hence the isolation of DPD and the yeast PDE2 gene
(Sass et al 1986).

The mammalian DPD ¢DNA was shown to encode a protein
with a high degree of amino acid sequence identity (~80%) with the cognate
Drosophila dunce species within the conserved region. Protein sequence
analysis of the gene products of RD1 and DPD showed little sequence
conservation with other known PDEs (Charbonneau 1986). However the
amino acid sequences of RD1 and DPD have approximately 90% homology
within the conserved domain, and 67% in the upstream region, but regions of
identical residues are separated by intermittent amino acid sequences. Up to
50% of identical amino acid residues within the conserved domain utilise
alternative codons, which suggest that the two cDNA clones are encoded by
distinct but related genes (Swinnen et al 1989),

iihBiochemigal Analysis of DPD (PDF4B1) and RD1

(PDE4A 1)

The homology of RD1 and DPD to the Drosophila dunc gene
product predicted similar properties for the rat homologues to the Drosophila
cAMP PDE. RD1 and DPD were both shown to encode high affinity cyclic
AMP PDEs similar to the Drosophila dunc PDE upon expression in a yeast
system (Davis and Henkle-Tigges 1989). Kinetic analysis of the Drosophila
dunc PDE and the cognate mammalian species RD1 and DPD characterised

these proteins as having a high affinity for cyclic AMP (Henkel-Tigges and




Davis 1989, Shakur et al 1993). This study confirmed early reports that the
Drosophila cyclic AMP PDE did not hydrolyse cyclic GMP, even at substrate
concentrations of up to 1mM (Kiger and Golanty 1979, Davis and Kiger 1980,
Chen et al 1986).

A summary of the properties of RD1 and DPD as compared to
the Drosophila counterpart is shown in (fig 1.11.6) The most striking
observation was that the mammalian homologues were potently inhibited by
rolipram and RO 20-1724 whereas the dunce PDE was insensitive. Hence, the
sequence divergence between the Drosophila and mammalian proteins allow one
to speculate the existence of a binding site for pharmacologically important
compounds (Henkel-Tigges and Davis 1989),

The idea that the amino terminal region of RD1 encoded a
membrane association motif has been the subject of much investigation (Shakur
et al 1993, and 1995). Expression of the RD1 ¢cDNA in COS-1 cells resulted in
an increased cyclic AMP specific PDE activity which was selectively inhibited
by the PDE4 inhibitors rolipram and RO-20-1724 and was located
predominantly (~85%) to the plasma membrane (Shakur et al 1993), An N-
terminally truncated RD1 species which lacked the first 25 amino acids (the
met26RD1), was shown to be characteristically similar to the full length RD1 in
that they shared inhibitor and substrate specificity however, the met26RD1 was
found exclusively in the cytosolic fraction. These 25 N-terminal amino acids
conferred membrane integration which allowed the solubilisation of RD1 with
the non-ionic detergent TX-100, but not by either washing the membrane with
high concentrations of NaCl or rehomogenisation (Shakur et al 1993).
Additionally, the N-terminal 25 amino acids of RD1 have been shown to be
regulatory in the catalytic function of the enzyme in parallel with membrane
anchorage (Shakur et al 1995). The engineered deletion of the first 25 amino

acids of RID1 were previously shown not to alter either the Km for cyclic AMP
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or the selectivity for, or sensitivity to, inhibitors of PDE activity (Shakur et al
1993). Using C-terminal specific antisera to RD1I, Shakur et al (1995) have
been able to determine the relative amounts of both RD1 and the N-terminal
truncated enzyme the met20RD1 expressed in transfected COS-1 cells. The
unique N-terminal region of RD1 was shown to be inhibitory on catalytic
function, where deletion of this domain resulted in a ~2 fold increase in the
Vmax value. In addition, Shakur et al (1993) have shown that in thermostability
experiments, membrane associated RD1 was more resistant to denaturation
either detergent solubilised RD1 or the met?6RD1. 1t is believed therefore, that
association of RD1 with the plasma membrane through this N-terminal region
regulates both the structure and activity of the enzyme.

(v)Functional Role for PDE4 Species in the CNS

Rolipram and RO20-1724 are both compounds with anti-
depressant properties. Indeed Rolipram has been evaluated in clinical trials as an
effective drug for the treatment of depression. The most surprising observation
was that many of the patients fested in the trial did not previously respond to
other anti-depressant therapy (Watchel 1983). It is intriguing that dunc mutants
lacking the gene encoding a PDE exhibit a learning and memory (Dudai 1983)
defect, whereas in humans the anti-depressant drug Rolipram elevates mood,
possibly by the inhibition of PDEs. If the anti-depressant action of Rolipram is
indeed via PDE inhibition as has been suggested (Watchel 1983), then a role for
the Drosophila cyclic AMP PDE and its mammalian homologues in the complex
processes underlying the neurobiochemical events of mood regulation in
mammals, and learning / memory in insects has been recognised. Further
evidence to support this suggestion comes from a study by Nighorn et al
(1991), in which it was found that the dunc PDE was markedly concentrated in
the neurophil associated with mushroom body cells. These areas have been

previously implicated in the processes of learmning and memory. A parallel




study in rat brain has shown jn vivp expression of DPD and RD1 (Lobban et al
1994, Shakur et al 1995) in particular brain areas.
1.12 Molecular Analysis of Rat PDE4

Four distinct PDE4 genes representing the four isoform
subfamilies found in rat have been isolated (Swinnen et al 1990) (fig 1.10.4).
The full length cDNAs of RD1 (PDE4A1) (Davis et al 1989), DPD (PDE4B1)
(Collicelli et al 1989) and ratPDE4 (PDE4B2) (Lobban et al 1994) have been

isolated and studied. Functional and tissue specific expression of PDE4B

 jsoforms have been demonstrated in the rat brain {LLobban et al 1994). DPD was

:f\ found to be exclusively cytosolic and was selectively expressed in hippocampal,
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cortex, hypothalamus and striatum regions, ratPDE4 on the other hand was

located at the membrane of all brain regions with the exception of the midbrain

/. (Lobban et al 1994).

Analysis of the PDE4B gene (Monaco et al 1994) has shown
that DPD and ratPDE4 are splice variants of the same gene, where upon the
éomparison of the protein sequences it can be seen that ratPDE4 has an
extended N-terminus of 48 amino acids. Products larger than DPD can be
transcribed according to which methionine initiation codon is utilised.
Furthermore, Lobban et al (1994) have shown that DPD and ratPDE4 are likely
to be the only products {n_vive of the PDE4B gene given that only one
immunoreactive species is detected with the antisera specific for ratPDE4 and
one which recognised ratPDE4 / DPD.

The RD1 clone isolated by Davis et al (1989) was cloned along
with two partial clones (RD2 and RD3) which suggested that splice variants of
the RD1 gene existed (Davis 1990, Pyne et al 1986). However, upon analysis
of rat brain with RD1 specific antisera only one immunoreactive band was
detected in rat brain (Shakur et a1 1995) with a molecular mass of ~68kDa. This
is in agreement with that calculated from the predicted sequence of the cDNA.

From this it seems likely that RD1 represents the full length version of the PDE,
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The complexity of function of the cyclic AMP specific PDEs
encoded by the dunce gene of Drosophila and its mammalian counterparts RD1
and DPD has been highlighted. It is suffice to say that although these PDEs
exhibit a certain sequence homology within a central portion of the protein, the
flanking sequences of this conserved region display considerable divergence.
However, the amino termini of proteins of each class often coutain sequence
motifs particular to its own class, for example PDE2 enzymes have a cyclic
GMP regulatory domain located at the amino terminal. These sequences
surrounding the conserved portion are considered to contain regions which for
example interact with other proteins, such as membrane association as seen with
RD1 (see section (vii b) above). Bolger et al (1994) have identified two regions
present in the amino terminus of the protein translated from the dnc and human
cDNA homologues isolated in this study. These two regions, which the authors
describe as UCR 1 and UCR2 {upstream conserved regions), from both human
clones and Drosophila melanogaster share significant homology, although
UCR 1 and UCR 2 show little homology with each other. The function of these
sequences is as yet unknown, however it is thought that the UCR 1 site is likely
to undergoe alternative splicing. Future work may identify common PDE4
specific motifs, however it is expected that the flanking sequences of the

catalytic domain offer unique identifiers eg UCR 1 and UCR2.

1.13 Human Multigene Family Encoding Cyclic AMP Specific
Phosphodiesterases

Four human genes have been isolated corresponding to the
isozyme subtypes of PDE4A to D (fig 1.13.5). Within each of these PDE4
subtypes there exists further subdivision which has arisen as the result of splice
variantion of a single gene (Bolger et al 1993) . These four human genes have
been shown to correspond to the four rat genes representing the PDE4

subclasses isolated by Swinnen et al 1989 (fig 1.10.4, table 1¢).
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Bolger et al (1993) have shown that 3 of the 4 genes encoded
cyclic AMP specific enzymes which were selectively inhibited by rolipram in
thé UM range of drug concentration. The PDE4 enzymes were also shown to be
selectively expressed in particular cell types in a distinctive pattern for each
gene. Suprisingly, in contrast to the results obtained from the rat Swinnen et al
{1989) have shown that PDE4 activity was was not detected in human testes
tissue which suggests that the pattern of selective expression is also species
specific.

Engels et al (1994) undertook the investigation of the cellular
expression of PDE4 isoform subtypes in various human tissnes and cell lines,
by the isolation of mRNA and reverse transcribing it into cDNA. Using isoform
subtype specific primers, tissue expression patterns of the four known human
PDE4 genes was determined using PCR in various tissues and in several
defined cell lines. A summary of the results of this study is shown in table la.
In parrallel to this study in humans, a comparitive study was conducted in the
rat where brain, liver, lung, kidney, heart and blood were tested for the
expression of each rat isoform subtype. The data clearly demonstrated species
specific tissue expression of the various isoform subtypes in rat. In particular
PDE4A was expressed in all tissues with the exception of blood, which is in
contrast to human PDE4A which was the only isoform found in T cell Jurkat
cell line, The conclusions of the study suggest a particular role for PDE4A in T
cell functioning in humans. Baeker et al (1994) have isolated a human PDE4D
c¢DNA clone whose mRNA transcript is predominantly found in skeletal
muscle.

It is evident that PDE4C is unlikely to be important in controlling
the cyclic AMP levels in blood since this isoform subtype was undetectable in
the blood from both human and rat species. Cells of the human immune system
display a greater selectivity of isoform subtype expression. T-cells selectively

express PDE4A, B-cells express only PDE4A and B, neutrophils




predominantly express PDE4B and PDEAC is absent from all of the cells of the
immune system. Souness et al (1995) have also shown that it is predominantly
PDE4D which is responsible for cyclic AMP hydrolysis in eosinophils. This
suggests that specific isoform subtypes are recruited in the particular cell types
to control distinct cyclic AMP poois. The reasons as to why cells selectively
express one isoform subtype over another can only be understood by
determining subcellular localisation and characteristics of these isoform
subtypes.

1.14 Cellular Regulation of PDE4

It has been well established that cyclic AMP is at the centre of
the control of many cellular functions, therefore enzymes involved in the
metabolism of cyclic AMP such as the PDE4 family are poised to play a crucial
role in these functions. Evidence suggests that compounds selective for
inhibition of PDE4 activity will be particularily important in the treatment of
inflammatory disorders (Engels et al 1994). PDE4 activity has been shown to
be crucial in the regulation of human monocyte activation (Molnar-Kimber et al
1992) and is elevated in patients with inflammatory disorders (Grewe et al
1982, Chan et al 1993).

Elevation of cyclic AMP PDE activity can be achieved in various
cell types by agonists which stimulate adenylyl cyclase and is a homeostatic
response by which many cells can regulate responses to hormones and drugs.
This PDE activity has been identified as PDE4 (Conti et al 1991). Up regulation
of PDE4 activity has been identified in different mammalian cell types. In
FRTL-5 cells PDE4 activity is elevated in response to thyroid stimulating
hormone, which is known to elevate intracellular cyclic AMP (Sette et al 1994),
This hormone dependent cyclic AMP regulation in FRTL-5 cells involves an
initial rise in cyclic AMP which is returned to basal level within minutes, despite
the constant presence of hormone. This is a feature of many hormone regulated

systems where the cell is protected form over stimulation by desensitisation of
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the cell, or by an alteration of the sensitivity of the cell to circulating hormone
by cell adaptation, such as activation of a protein to remove the stimulus. In
FRTL-5 cells the intracellular elevation of cyclic AMP results in an activation of
PKA and subsequent phosphorylation and activation of PDE4, which in turn
lowers the cyclic AMP level and swiiches off the hormone signal. Previous
reports (Swinnen et al 1989, 1991) had shown that pituitary hormone, in rat
sertoli and in FRTL-5 cells, increased the level of mRNA of PDE4, however,
thyroid stimulating hormone in FRTL-5 cells appears to cause simply an
activation of PDE via phosphorylation.

Isoform subtype induction by cyclic AMP has also been
investigated in Jurkats (T-cell like cell line), U937 cells and nenronal cell lines
(Engels et al 1994). In U937 cells which express subtypes PDE4A, B and D,
only PDE4A and B were up regulated in response to elevated cyclic AMP ¢
(Engels et al 1994), In Jurkats which only express subtype 4A a similar up
regulatary response was noted. This was shown to be in contrast to the
neuronal cell lines tested which express all of the four isoform subtypes and did
not show an increase in the levels of either isoform subtype. It is of
considerable importance that the induction of PDE4 isoform subtypes can occur
in one cell type, and suggests differential control of up regulation dependent on
the cell type.

There is also evidence for activation of PDE4 via interaction with
the phospholipid signalling system. Increased PDE4 activity was noted in rat
thymic lymphocytes (Marcoz et al 1993) in response to mitogenic stimulation,
and of PDE4 isolated from U937 cells (DiSanto & Heaslip 1995). In rat
thymocytes (Marcoz et al 1993), arachadonic acid and diacylglycerol,
phospholipid metabolites formed following mitogenic stimulation, were found
to be ineffective. In contrast, the phospholipid metabolite phosphatidic acid was

shown to increase the activity of a PDE4. In T cell activation cyclic AMP is




inhibitory, thus lowering the level of the second messenger through activation

of PDE allows T cell activation to proceed in response to a mitogenic stimulus.

1.15 Pharmacological Effects of PDE4 Inhibition
(i) (a)PDE4 Inhibition in the Treatment of Asthma

Asthma is a chronic inflammatory condition characterised by
inflammation of the airway submucosa as a result of the influx of infammatory
cells in response to an allergen. In the progressive state of the disease the
airways become irreversibly obstructed (Giembycz 1992). Current drug therapy
uses mainly bronchodilatiory agents which are useful in the treatment of the
symptoms, but have little effect on the underlying cause of the condition, that is
the inflammation, Cyclic AMP elevation produces an anti-inflammatory effect
(Bourne et al 1978} by inhibiting the release of inflammatory mediators from
cells involved in the immune response (Peachell et al 1992), and acheives
bronchdilation through the relaxation of airway smooth muscle (Torphy 1988).
An important role for PDE4 activity in regulating the function of mast celis
(Torphy et al 1992), neutrophils (Nielson et al 1990), eosinophils (Dent et al
1991) and basophils (Peachell et al 1992) has also been reported. In patients
with inflammatory disorders, up regulation of PDE4 is reported to occur in
monocytes (Grewe et al 1982, Chan et al 1993). it would therefore be possible
to restore cyclic AMP effects through the selective inbibition of PDE4,
providing the inhibitor was specific enough for a particular PDE4 subtype in a
specific cell type.

(b)PDE4 in Monocytes

The prevalant role of PDE4 in cells involved in the inflammatory
response is an observation which has been credited with much attention. In
particular, PDE4 has been shown to be central in the regulation of human
monocyte activation {(Molnar-Kimber et al 1992). A mediator which has a
pivotal role in the inflammatory response is tumour necrosis factor-alpha (TNF-

alpha). TNF-alpha along with interleukin-1 (I!-1) recruit polymorphonuclear
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leukocytes to the tissues during the inflammatory response (Goto et al 1984).
Elevation of cyclic AMP via rolipram has been shown to inhibit TNF-alpha
release from monocytes while other cytokines such as II-1 remain unchanged
(Bailly et al 1990, Semmier et al 1993, Prabhakar et al 1994, Klemm et al
1995). The PDE4 subtypes present in monocytes has been studied using the
Mono-mac 6 cell line as a model (Verghese et al 1995), in which is was found
that mRNA transcripts were present for PDE4A, B and D. On analysis of the
protein expression it was noted that PDE4B peaked after 24 hours exposure to
dibutyryl cyclic AMP, where PDE4A maintained a high protein level 24 hours
after treatment. This data suggests that different PDE4 isotypes are recruited at
different time points in the cell cycle and that PDE4A may have a greater role to
play in the reduction of cyclic AMP levels.

PDE4 activity in the U937 cell line, which is commited to the
human monocyte-macrophage pathway, has been investigated (DiSanto &
Heaslip 1993). Two peaks of PDE4 activity were resolved, one of which, .;
Peak?2 became activated after 24 hour storage at 4°C in buffer containing a high
concentration of sodium acetateand protease inhibitors. The Vmax of Peak2 -
PDE4 doubled after the 24 hour storage, and was associated with a shift in the
molecular weight. Prior to storage, the molecular weight of Peak2 was
determined to be 210 - 250 kDa, whereas after storage there was a larger peak
of PDEA4 activity corresponding to 45kDa. This could suggest that in U937 cells
PDE4 is expressed as a high molecular weight species, which is subsequently
cleaved to produce the 45kDa species. Alternatively, the 45kDa species may
simply represent a sub-unit of a larger protein.

c)PDE4 in Eosinophils and T-lymphocytes

Of primary importance in the development of the inflammatory
response are eosiniphils and T-lymphacytes. The level of blood and lung
eosiniphils in asthmatics is elevated. Once activated, cosiniphils cause cell

damage through the release of reactive oxygen species, cationic proteins,




products of the lipooxygenase and cyclooxygenase pathways, ¢ytokines, PAF
and eosiniphil derived neurotoxin. This release of a barrage of inflammatory
mediators not only destroys airway nensones and epithelia, but increases the
reactiveness of the airways so that the individval is more sensitive to the
allergen (Souness et al 1995, Giembycz 1992). PDE4 inhibitors Rolipram and
RP734 01 suppressed the production of oxygen radicals from epsiniphils and
PAF induced airway hyperresponsiveness (Souness et al 1395, Racbura ef al
1994). Analysis of the expression of PDE4 subtypes in eosiniphils showed
that only the PDE4D isoform: was present and that it was most hikely to be
membrane bound in vivo (Souness et al 1995).

Evidence suggests that the role of the T-lymphocyte is as an aid
in the infiliration of eosiniphils and release of cytokines (Giembyez 1992),
and that the PDE4 inhibitor R0O-20-1724 decreases the cytotoxic effect of
these cells (Robicsek et al 1991). Previous analysis of the isoforms of PDE
which were present in these cells suggested that there was a cytosolic PLIEA
and a membrane bound PDE3 (Robicsek et al 1991). More recently Engels ot
al (1994) have looked at the PDE4 isoforms expressed and have shown that it
is only the PDE4A subtype which is present.

{(i))PDE4 in the CNS

The PDE4 isoform has been shown to be the predominant PDE type
expressed in the CNS and human myeloid and lymphoid lineages (Beavo and
Reifschneider 1990, McLanghlin et al 1993). Indeed rolipram has been
clinically tried as an effective antidepressant (Fleischhacker et -al 1992).
Muliiple sclerosis, the demyelinating disorder, is beleived to be a T-cell
mediated antoimmune disease (Martin et al 1992), and that TNF-alpha and
lymphotoxin-alpha are involved in the demyelination identified in multiple
sclerosis lesions (Selmaj 1991). Rolipram was found to inhibit the production

of TNF-alpha by autoreactive human and rat T-lymphocytes in vitro, and
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prevented the clinical signs of encephalomyelitus which is used as an
experimental model for multiple sclerosis in vivo (Sommer et al 1995).

(iilYPDE4 in Smooth Muscle

The level of PDE4 has been found to increase in the pregnant
human uterus, and is thought to be involved in the preparation of the
myometrium for contraction at the time of parturition through lowering the level
of cyclic AMP (Leroy et al 1994),

Rolipram and RP73401 have both been found to be effective in
the relaxation of smooth muscle jn vitro (Souness et al 1995), Rolipram has
also been shown to inhibit non - cholinergic excitatory neurotransmission in
guinea pig bronchi (Qian et al 1994). These results suggest that PDE4 inhibitors
may have a dual effect in the treatment of asthma as an anti - inflammatory and a
bronchodilator, therefore tackling both problems of providing symptomatic
relief and treatment of the underlying causes of the condition.

Isolation, purification and characterisation of PDE4 would
therefore provide some of the information needed to improve upon current drug
therapy, by aiding the development of specific cellular and tissue selective
inhibitors. Along with this, molecular biology would aid identification of
further subtypes of the PDE4 family and improve and build on our knowledge
of the distribuition of PDE4 subtypes.

1.16 Isolation of a Human Monocyte Cyclic AMP Specific

Phosphodiesterase - hPDE4ALivi

- In addition to the isolation of rat homologues to the Drosophila

cyclic AMP PDEs, a cDNA clone representing a high affinity, rolipram
sensitive cyclic AMP PDE (hPDE4A] jvi, Gene Bank descriptor HPDE4A1A)
has been isolated from a hﬁman monocyte cDNA library using the conserved
region of RD1 as a probe (Livi et al 1990, McHale et al 1991). The human
c¢DNA clone hPDE4A] jvi, contains significant homology with other cloned

PDEs namely RD1, DPD and Drosophila dunce PDE. These PDEs have
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homologous sequences in two domains, a forty amino acid region locaied
amino terminally and a larger 270 amino acid region in the central portion of the
sequence. This larger region is conserved throughiout a range of PDEs from
other species (Charbonneau 1986) and is proposed to contain the catalytic
domain of these PDEs. Amino acid sequence divergence exists at both the NH2
terminal and at the COOH-terminal of the hPDE4A]J jvi, sites which most likely
serve a regulatory function or define subcellular location.

The recombinant protein hPDE4A] jvi bas been expressed in
both COS-1 cells (Livi et al 1990) and Saccharomyces cerivisiae (McHale et al
1991, Torphy et al 1992). A molecular weight of 77kDa was determined for
hPDE4A] jvi from the predicted amino acid sequence. In COS-1 cells the cDNA
was shown to encode a high affinity, cyclic AMP specific PDE which was
selectively inhibited by rolipram (Livi et al 1990). Bolger et al (1993) have since
isolated the cDNA clone representing the entire sequence of hPDE4A] jjvi and
have shown this PDE to be truncated at the amino terminus. Despite this
hPDE4A] ivi is a catalytically active enzyme.

Upon the stable transfection of hPDE4A] jvi into Sgccharomyces
cerivisige . which lacked endogenous PDE activity, the molecular weight was
determined to be 88kDa (Torphy et al 1992). The molecular weight determined
from the predicted amino acid sequence was 77kDa (Livi et al 1990).
Presumably the discrepency reflects post translational modification particular to
Saccharomyces cerivisige . Yeast expressed hPDE4A] jvi displayed similar
kinetic characteristics to that of the COS-1 cell expressed enzyme with respect to
cyclic AMP hydrolysis and that it was selectively inhibited by PDE4 specific
compounds (Torphy et al 1992).

1.17 Isolation of a PDE4 PDE From Human Brain

Since the discovery and isolation of rat homologues of the

drosophila dunce gene (see section 1.9 iv) attention has focused on the human

counterparts, for example hPDE4A] jvi described in section 1.12, McLaunghlin
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et al (1992) have since reported the isolation of another human PDE4 isoform,
hPDE4B (Gene Bank descriptor HSPDE4B2A), isolated from a human frontal
cortex ¢cDNA library which was cloned by virtue of its homology to the
conserved region of hPDE4AL ijvi. The hPDE4B enzyme was found to be
restrictively expressed in human brain, heart, lung and skeletal muscle. In
contrast to the study by Engels (1994), McLaughlin et al (1992) were unable to
detect PDE4B in placenta, liver or kidney. On the basis of their data
Mcl.aughlin et al (1992) stated that since PDE4B activity was undetectable in
blood enriched tissue such as placenta then PDE4B does not have a function in
monocytes. This must be viewed questionably given the results of the study by
Engels 1994, which showed that the PDE4B isoform is present in most
circulating blood cells except T-cells, although the differences could be due to
the different techniques employed.

McLaughlin et al (1992) classified the PDE4B gene as such due
to the observation that it encoded a low Ky, cyclic AMP specific PDE with a
predicted molecular weight of 64.2 kDa and was selectively inhibited by
rolipram and RO20-1724.
1.18 Isolation of a Human PDE4D

The cDNA for a human PDE4D isoform has been isolated from
a human heart cDNA library using a sequence found in the rat PDE4D as a
probe (Baecker et al 1994). The cDNA was shown to encode an enzyme which
was 604 amino aéids long with predicted molecular weight of 68.5kDa, and
was found to be 91.4% homologous with the rat PDE4D. The enzyme was
engineered for expression in a bacterial system and was shown to be sensitive
to rolipram with an IC5¢ of 2.2uM. Northern blot analysis found the PDE4D
transcript to be most abundant in skeletal muscle but was absent from liver and
pancreas.
1.19 Kinetics of Cvelic AMP Hydrolysis and Inhibition by Rolipram

of PDE4




(MYKinetics of Cyelic AMP Hydrolysis
Cyclic AMP hydrolysis via the human PDE4 isoforms which

have been reported to date, consistently appear to be of simple, saturation
Michaelis-Menten. kinetics yeilding Km values which are in the micromolar
range characteristic of the PDE4 class. This has shown to be the case for the
recombinant monocyte isoform hPDE4A  jvi expressed in COS-1 cells (K
2.3uM, Livi et al 1990) and yeast (Kpy 3.1uM, Torphy et al 1992), hPDE4B
isoform cloned from brain and expressed in yeast (Km 4.3puM, MclLaughlin et
al 1992) and PDE4 activity isolated and purified from monocytes (Km 1.60M,
Torphy et al 1992).

GiiMnhibition by Rolipram

The mechanism by which rolipram exerts its inhibitory effect on
PDE4 has been less well characterised than that of substrate hydrolysis. Indeed,
evidence to date has suggested that the mechanism of inhibition by rolipram
may be anomolous based on the observation that log dose response curves
showed a shallow profile (Torphy et al 1992, Bolger et al 1993, McLaughlin et
al 1993), that is they ranged over several orders of magnitnde. Additionally,
double-reciprocal plot data of kinetic studies on the hPDE4A] jvi enzyme (Livi
et al 1990, Torphy et al 1992) and the hPDE4B enzyme (McLaughlin et al
1993) does not fit to simple competitive kinetics. In light of this it has been
suggested that PDE4 PDEs may possess a distinct binding site for rolipram
(Livi et al 1990, Torphy et al 1992} which could be distinct from the site of
catalysis.

iii)High Affinity Rolipram Binding Si i rain

High affinity rolipram binding was first reported by Schneider et
al (1986) where it was shown that 3H-rolipram bound to sites in rat brain with
high affinity (Kd ~2nM) in a saturable, reversible and stereoselective manner,
The authors assamed that the rolipram binding site was that of PDE4, either its

catalytic site or a distinct allosteric site. Evidence for a distinct rolipram binding




site in rat brain came from studies in which it was shown that there was a
difference (~500 fold) in the concentration of rolipram needed to achieve
inhibition of catalysis of rat brain PDE4 (ki ~1yuM Némoz et al 1989), and the
K4 (~2nM Némoz et al 1989, Schneider et al 1986) of rolipram binding to its
high affinity site. This suggested that the high affinity rolipram binding site
observed by Schneider et al (1986) in rat brain was one distinct from the
catalytic site.

Attempts to prove that the high affinity rolipram binding site was
associated with PDE4 have been difficult. Schneider et al (1986) have shown
that 3H-rolipram binding is mainly restricted to the brain in the rat, and has
failed to show high affinity rolipram binding in tissues outwith the CNS, even
although they are known to contain PDE4 activity. Regardless, the nature of the
high affinity binding detected by Schneider et al (1986) was shown to be
associated with both the soluble and membrane fractions of rat brain
homogenates, with Kq values of 2.4nM and 1.2nM respectively. The
carresponding Hill coefficients of rolipram binding were near unity, which
suggests that rolipram is binding to one site only. Interestingly, rolipram was
shown to bind stereospecifically with the (R )-rolipram conformation being
more potent at displacing 3H-rolipram, and that binding was dependant upon
the presence of divalent cations, particularily magnesium.

The function of the high affinity rolipram binding site in brain is
unknown, although it is thought that the site is preferentially associated with
neuronal cells as opposed to glial cells (Tohda et al 1994). In addition, 3H-
rolipram binding along with 3H-cyclic AMP binding has been located to post-
synaptic pyramidal cell bodies (Kato et al 1993) in the gerbil brain. In the gerbil
hippocampus there is a decrease in the binding of 3H-cyclic AMP, presumably
to PKA, and 3H-rolipram which preceeds the death of pyramidal cells after
CNS ischaemia (Kato et al 1993, Murase et al 1993), This suggests that the




cyclic AMP second messenger system has a role to play in post ischaemic
neuronal cell death. |
iv)The Rolipram Binding Site of Human PDE4

Analysis of the mechanism by which PDE4 inhibitors effect
substrate hydrolysis catalysed by the cloned human PDE4 isoforms has proved
to be controversial. Although comparable Ky values for cyclic AMP hydrolysis
have been calculated for the monocytic PDE4 activity isolated from purified
human monocytes to that of the cloned monocyte PDE hPDE4A] jvi (Torphy et
al 1992), the kinetics of rolipram inhibition were unclear. Rolipram was shown
to be a competitive inhibitor of the PDE4 activity isolated from monocytes but
not of the cloned hPDE4A] ijyvi which was also shown to be inhibited
stereoselectively by (R )-rolipram. With the isolation of human PDE4 it has
been questioned that these isoforms may posses such a high affinity binding site
for rolipram, as discussed for rat brain, considering the anomolous kinetics
observed (Torphy et al 1992, Livi et al 1990, McLaughlin et al 1993).

High affinity rolipram binding was observed in the soluble
fraction of yeast expressing hPDE4A] jvi with a Kd of 1nM and Hill coefficient
1.01 (Torphy et al 1992) demonstrating that, akin to rat brain, probably only
one binding site for rolipram is present on hPDE4A] jvi. The two stereoisomers
of rolipram were shown to inhibit cyclic AMP hydrolysis of hPDE4A] jvi with
greater patency than that of human monocytic PDE4, with Kj values of 61nM
and 390nM for (R ) and (§ )-rolipram respectively. Human monocytic PDE4
hydrolytic activity was not inhibited in a stereospecific manner by rolipram, and
was inhibited relatively less potently with a Kj of 0.8uM. PDE4 inhibitor (R )-
rolipram along with RO-20-1724 showed greater potency (10 - 106 fold) for
displacing 3H-rolipram from the high affinity site than for inhibition of
hPDE4A] jjvi. Selectivity for competition at the high affinity site over PDE4
inhibition has also been shown for rolipram anologues in mouse brain (Koe et

al 1990). This difference of rank order potency between displacement of 3H-




rolipram and inhibition of PDE4, along with the discrepancy between
concentrations of rolipram needed to inhibit PDE activity over that needed to
displace 3H-rolipram, could indicate that the high affinity site has a function
other than inhibition of catalysis. This idea can only be treated speculatively
considering the differences of rolipram inhibition between the recombinant
PDE4 and that isolated and purified from human monocytes. One argument for
this could be that the groups necessary for high affinity binding are susceptable
to cleavage upon the purification proceedure. PDE4 isolated from U937 cells
{DiSanto & Heaslip 1993, 1995) was shown to be activated by phosphatidic
acid (5 - 50 pg / ml). This activation was inhibited by nM concentrations of
rolipram which suggested that phosphatidic acid could be interacting with the
high affinity rolipram binding site. However, the authors DiSanto and Heaslip
(1995) could not detect any high affinity binding in crude, purified or stabilised
U937 cells, whereas they could detect such in rat brain homogenates. Thus, the
inability to detect high affinity binding seems unlikely to be associated with the
purification of PDE4 from U937 cells. The ability of enantiomers of rolipram to
show selectivity for the inhibition of PDE4 isolated from guinea pig eosiniphils
was effected by purification (Souness et al 1993), however, the authors could
not detect high affinity binding of rolipram in either purified or crude cell
samples.
v)High Affinity Roli indi ith NS

High affinity rolipram binding has been associated with
stimulation of acid secretion in isolated rabbit gastric glands (Barnette et al
1995) and the accumulation of cyclic AMP in guinea pig eosiniphils (Souness et
al 1993).

In clinical trials which measured the efficacy of rolipram as an
antidepressant, one of the side effects noted was gastrointestinal problems
(Horowski & Sastre-Y-Hernandez 1985). PDE4 inhibitors were since found to

inhibit cyclic AMP elevation in parietal cells which resulted in the stimulation of
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acid secretion via PKA, This was shown to be similar to the acid secretion in
response to histamine, an activator of cyclase (Choquet et al 1990). The ability
of rolipram to increase acid secretion in isolated gastric glands has been
correlated with binding to a high affinity rolipram binding site (Barnette et al
1995). Similar to the study with recombinant PDE4 (Torphy et al 1992), the (R
)-rolipram enantiomer was more potent than the (§ )-enantiomer for competition
at the high affinity binding site and increase in acid secretion (Barnette et al
1995). (R )-rolipram was shown to displace 3H-rolipram with an IC50 of 3nM,
10 increase acid secretion with an ECs5( of 4nM but the IC5¢q for PDE4
inhibition in these cells was 1.4uM. Thus, there was an ~350 fold difference in
the concentration of rolipram needed to compete for the high affinity site and
that necessary for inhibition of substrate hydrolysis. However, there was little
correlation between increase in acid secretion and PDE4 inhibition, which
suggests, according to the author, that the functional effect of rolipram in this
tissue is through an interaction with the rolipram high affinity site,

In explanation of this data and the anomolous kinetics observed
with rolipram, Torphy et al (1992) and Barnette et al (1995) have suggested that
catalysis and inhibitor binding occur at the same site, but that this site exists on
two non-interconvertible forms of PDE4 which have similar affinities for cyclic
AMP, as shown by the linear kinetics of cyclic AMP hydrolysis, but differ with
respect to their inhibition by compounds such as rolipram or RQ-20-1724
giving rise to the non-competitive inhibition observed.

In support of the theory by Barnette et al (1995) that the high
affinity site is not involved in the inhibition of catalysis, a similar conclusion
was reached by Schudt and Hatzelmann (1995). PDE4 isolated from human
neutrophils was shown to have both high and low affinity binding components
(Schudt and Hatzelmann 1995). Competition studies using 3H—rolipram or 3H-
RP73401, a Rhone-Poulenc compound, in the presence of the Syntex
compound RS825344 showed that high and low affinity Kj values could be




calculated for several PDE inhibitors. In conclusion of this study in neutrophils,
the authors demonstrate that the low affinity binding and inhibition of catalysis
are related, whereas high affinity binding and catalysis are not.

The accumulation of cyclic AMP in response to PDE4 inhibitors
in guinea pig eosiniphils is also thought to be through interaction with a high
affinity rolipram binding site (Souness et al 1993). In this study (R )-rolipram
was shown to inhibit solubilised PDE4 more potently than ($ )-rolipram, and
this stereoselectivity was only evident upon the solubilisation of the membrane
bound form. Although high affinity rolipram binding sites could not be
detected, the stereoselectivity shown by rolipram upon solubilisation of the
enzyme suggested that a high affinity site similar to that detected by Torphy et al
(1992) and Barnette et al (1995) was involved. The authors determined a
correlation between the ability of PDE4 inhibitors to displace 3H;rolipram from
binding sites on rat brain membranes, with the ability to inhibit catalysis of
solubilised PDE4 from eosiniphil membranes and with the stimulation of cyclic
AMP accumulation in whole cells (Souness et al 1993). Souness et al (1993)
suggest that upon salubilisation of eosiniphil membranes a stereospecific site is
exposed, which is similar to that detected in rat brain (Schneider et al 1986) and
which allosterically regulates catalysis. Thus, in contrast to Torphy et al (1995),
Souness et al (1993) suggest that the functional effect of rolipram on
eosiniphils, that is, cyclic AMP accumulation, is the result of the interaction of
rolipram with a high affinity site and also to the catalytic site.

1.20 PDE7 High Affinti lic AMP Specific PDE

This relatively recent class of cyclic AMP specific PDEs was
originally cloned from a human glioblastoma cell line (Michaeli et al 1993). This
study used a similar principle to that for the isolation of DPD (Colicelli et al
1989) and the yeast PDE2 gene (Sass et al 1986), where a ras2 val19 mutation
in the yeast expression system resulted in constitutively high cyclic AMP levels

and rendered the yeast sensitive to heat shock (see section 1.11(ii) for details).




Michaeli et al (1993) took a slightly different approach in that cyclic AMP levels
were elevated by deletion of both of the PDE genes present in Sgccharomyces
cerivisige PDEI and PDE2 and so the yeast were sensitive to heat shock,

The human gene isolated by this method, HCPI, encoded a PDE
with significant homology to other cyclic AMP PDEs including the ~270 amino
acid region proposed to contain the catalytic site (Chabonneau et al 1986, Chen
et al 1986). However, upon biochemical analysis HCP1 activity displayed a
high affinity for cyclic AMP (Km 0.2uM), but was distinct from the PDE4 in
that HCP1 was insensitive to inhibition by R0O20-1724 or rolipram. HCP1
activity was also unaffected by cyclic GMP. Northern blot analysis showed that
HCP1 was predominantly expressed in skeletal muscle with less activity
gxpressed in heart and kidney.

PDE7 soluble PDE activity has also been isolated from
hepatocytes which is insensitive to inhibition by IBMX and shows an aberrant
response to Mg2+, in contrast to PDE4 activity also present in hepatocytes
which are activated dose-dependently by Mg2+ and Mn2+ (Lavan et al 1989).

The novel PDET7 class, their distribution and physiological role
resnains a topic under current investigation.

In conclusion, PDE4 family is one of great importance and has
certain therapeutic potential as the target for specific inhibitors. However, to
enable this a greater understanding of this enzyme class is needed, particularily
concerning the kinetics of rolipram inhibition and the regulation of the enzyme
class, which can be achieved through the study of cloned enzymes efficiently

expressed in yeast and mammalian derived cell lines.
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Table 1  Expression of PKA Subtypes 1 gngd IX

Tissue Subtype PKA Expressed Upon Stimulation With Hormone
Typel Typell

Hepatocytes Glucagon -

Ovarian --- HGH

Corpus Luteum HGH -

Osteoblasts Parathyroid Hormone Prostaglandin E2

HGRH = Human Gonadotrophic Hormone




Enzyme Ky Syclic AMP Ki (uM)

(LM) Rolipram  RQO-20-1724
dunc 2 >100 >100
RD1 4.1£1.1 0.710.1 4.21+0.6
DPD 2.9+0.5 0.5+0.1 1.710.2

This data was from Henkel - Tigges and Davis 1989




PDE4A  PDE4B PDE4C  PDE4D

Brain ++ ++ ++ ++
Liver ++ ++ ++ ++
Lung ++ ++ ++ ++
Trachea ++ ++ +t o+
Kidney ++ ++ ++ ++
Placenta ++ ++ ++ ++
Heart +4 ++ ++ ++
Blood ++ ++ - ++
U937 cells ++ ++ . ++
Jurkat cells ++ - - -

Namalwa cells ++ ++ . -

Neutrophils = ++ - +

Eosinophils ++ N . b
Neuroblastoma cells  ++ ++ ++ ++

This data was taken from Engels et al 1994,
++ = expression
+ = weak expression

~ =110 eXpresion




Table 1¢  Nomenclature for Rat PDE4 Species
Present Previous Conti & Swinnen (1990)
Nomenclature Nomengclature Nomenclature

4A IVA ratPDE2

4B IVB ratPDE4

4C IvC ratPDE1

4D VD ratPDE3
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The figure shows the reaction scheme of adenylyl cyclase with the conversion
of adenosine triphosphate to 3'5' - cyclic AMP.
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Fig. 1.4.2 Schematic of G-Protein Cveli

Binding of the agonist to the receptor causes dissociation of the beta-gamma
complex from the activated alpha subunit ,which has exchanged GDP for GTP.
The alpha subunit is able to interact with such effector systems as adenylyl
cyclase. The intrinsic GTPase activity of the alpha subunit switches off the
signal via the hydrolysis of GTP to GDP. The GDP bound alpha subunit can
reassociate with the beta-gamma complex.
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Fig. 1.10.3 Sl e Ali ‘M lian PDE
Isof Famili

This figure diagramatically shows the structural features of mammalian PDE
isoforms. (Beavo & Reifsnyder 1990).
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Fig. 1.10.4 Schematic Representation of the Four Rat PDE
Genes

Numbers at the right indicate the number of amino acid residuves. The highly
conserved region is shown by the unshaded area. The less homologous N and
C terminal regions are shown by the shaded areas. Filled areas indicated by
serine corresponds to the region which is homologous to the cyclic AMP
binding domain of PKA, PDE4A, B, C and D isoforms correspond to ratPDE2,
4, 1 and 3 respectively. (Conti & Swinnen 1990).
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Shown is the schematic representation of the four human and rat PDE4
mRNA's, at the top and bottom respectively. Common sequences are shown by
heavy merged lines. Areas of unique sequence which are conserved between
human and rats, and are unigue to any PDE4 subtype are shown by the thin
cross hatched lines. Thin solid lines indicate variant sequence which is not
conserved between human and rat. Triangles in the rat clones show variants
lacking a block of sequence as compared to other transcripts from the same
locus. Initiation codons are shown by small boxes and termination codons by *.
Vertical dashed lines show splice points that occur in homologous positions in
clones from different loci, Roman numerals show various alternative spliced
isoforms from the dunc locus.

(Bolger et al 1993).
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Chapter - 2

Materials and Methods




2. Materials and Methods.
2.1 Solutions

All solutions were prepared in double-distilled deionised water
and all pH measurements were determined using an Horiba F.SL pH meter.
2.2 Chemicals

A list of the chemicals used and their suppliers are listed in
appendix L
2.3 ion of ble and Pellet Agsociated Enz From

Ycast

A primary yeast cell culture was made by selecting an isolated
yeast colony from a plate of yeast extract peptone dextrose (YPD) agar, using a
sterile Eppendorf tip, which was placed into 30ml YPD liquid media and grown
for 16 hours in a shaking incubator at 30°C, After this initial 16 hours of
growth, the entire 50m! primary culture was used to innoculate 1L of YPD
liquid media and grown for 20 hours, at 30°C in a shaking incubator.
Following the 20 hour incubation, the cell suspension was centrifuged at
3200rpm (1000gay) for 10 minutes in the Beckman J21 centrifuge with a JA20
rotor. Cell pellets were resuspended in 80mM Triethanolamine - HCI, SmM
MgCls buffer pH 7.4 with KOH containing a mixture of protease inhibitors at a
final concentration of 40ug/ml - PMSF, 156)1g/ml benzamidine and 1pg/mi
each of aprotonin, leupeptin, pepstatin A, and antipain. The protease inhibitors
were initially dissolved as a 1000x stock in 100% DMSO before addition to the
buffer. Cells were lysed by subjection to 4 passes through a Frenchr Pressure
Cell Press (SLM Instruments Inc.) at 960 psi. The resultant lysate was
centrifuged 48,000rpm (210,000gay,) for 45 minutes using the Ti50 rotor in a
Beckmann uitracentrifuge. Aliquots of both pellet and supernatant were assayed
for PDE activity immediately and residual material stored at -809C for later
analysis,

2.4 Phosphodiesterase Assay
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Cyclic nucleotide phosphodiesterase activity was assayed by a
modification of the two - step procedure of Thompson and Appleman (1971)
and Rutten et al {1973) as described previously by Marchmont and IHouslay
(1980). Here 3H-cyclic AMP (8-3H-adenosine 3'5-cyclic phosphate) was
diluted in 20mM Tris-HCl, 10mM MgClp pH7.4 and the unlabelled cyclic
AMP, 5011 of this solution (approx. 0.2pCi) was then added to the tubes
containing 15-30ug protein and the volume made up to 100ul with 20mM Tris-
HCI, 10mM MgCly pH7.4. Samples were incubated at 300C for 10 minutes
and boiled for 1 minute to terminate the reaction, The protein concentration used
was shown to be within the linear range of the reaction of protein vs activity, as
shown in fig 2.4.2. This figure demonstrates that, at 3uM cyclic AMP, the
reaction is linear over the range of 1 - 240uUg protein. That the reaction was
linear, shows that substrate is not a limiting factor. To ensure that the 10 minute
assay incubation time was in the linear range of the reaction, enzyme activity
was assayed over the range of 1 - 10 minutes at 1 - 20uM cyclic AMP (fig
2.4.1). This analysis showed that a 2 minute lag occured initially, with the
reaction becoming linear after this time.,

After allowing the samples to cool, 25lg of snake venom (Ophiphagus
hannah-cobra, img/ml in 20mM Tris-HCI, 10mM MgClz pH7.4 ) was added,
and the samples were incubated again at 300C for 10 minutes. 400ul of a
freshly prepared slurry of Dowex:H2O:ethanol (1:1:1) was then added, and
following incubation on ice for 30 minutes, the samples were centrifuged at
12,000 rpm for 3 minutes in a Jouan MR1812 bench centrifuge. 1501 of
supernatant was then removed into 2ml of 'Ecoscint' scintillation fluid. The
amount of 3H-adenosine present was determined by counting on an LKB
scintillation counter. A diagram describing the PDE assay reaction scheme is
shown in figure 2.4.3.

For estimation of kinetic parameters, the PDE assays were

conducted using cyclic nucleotide concentrations ranging from 0.05uM -




100pM. In order to calculate K, values, the data were fitted to the Michaelis
Menton equation Vghs = (Vmax{cyclic AMP} / (Km+{cyclic AMP]) using the
Ultrafit graphical package. This non-linear fitting programme obviates errors in
fitting to the Lineweaver-Burke plot using regression analysts, where the spread
of errors is not evenly distributed as it is a double-reciprocal plot. In each case,
the 'robust weighting' facility was used and the ‘goodness of fit' index was no
less than (.99 with each estimation, 1 being a perfect fit..

Inhibitor analysis was performed with 3uM cAMP as substrate
over a range of inhibitor concentrations as shown in the appropriate figures.
PDE inhibitors were dissolved in 100% DMSQ as a 10mM stock and diluted in
20mM Tris - HCl 10mM MgCly pH7.4 to provide a range of concentrations for
use in the assay. Inhibitors were added at a volume of 25)il, which was
included in the assay volume of 100ul. As such, a 4 times final inhibitor
concentration was prepared, of which, 25111 was added to the reaction. For each
inhibitor, a DMSO coentrol was included in the assay which contained the
highest DMSO concentration used. In each case, the DMSO concentration was
shown to have no effect.

2.5 Thenmal Denaturation,

Pellet and soluble fractions were prepared as described. Each
sample was pipetted into pre - warmed 20mM Tris - HC! 10mM MgCl2 pH7.4
contained in a glass bijoux which had been placed on a stirrer in a water bath set
at the temperature for the particular experiment. At the time points shown on the
appropriate figure a 100pl sample was removed and placed in an Eppendorf
microfuge tube which had been kept on ice. PDE activities were then measured
at 1uM cAMP in the assay mixture described above in section 2.4,

2.6 Protein Determination
Protein was measured by the method of Bradford (1976).
-Standard selutions of bovine serum albumin were prepared in the range of 0-

100ug in distilled water. The unknown samples were sotubilised by the




addition of 0.2% Triton X-100 and left on ice for 30 minutes. The standard and
unknown protein solutions were made up to a volume of 800ul with distilled
water before the addition of 200ul of Bradford reagent. Absorbances were
determined at 595nm using an LKB spectrophotometers and the unknown
concentrations determined from the standard curve.
2.7 aration of Synaptosom

The method detailed here is as described in Dunkley et al
(1988).
1) Tissue preparation

Brain tissue (~1g) was removed from freshly sacrificed adult
male Sprague-Dawley rats and placed in ice cold gradient buffer containing
0.32M sucrose, ImM EDTA and 0.25mM dithiothreitol pH7.4. The tissne was
then roughly chopped and homogenised in 10 volumes of gradient buffer using
10 passes at 700rpm (Janke & Kunkel IKA-Labortechnik RW20). Homogenate
was then filtered through two layers of guaze before centrifugation at 3200rpm
(1000g) for 10 minutes in the Beckman J21 centrifuge with a JA20 rotor. This
post nuclear supernatant (S1) was loaded onto the step gradients.
ii) Percoil-Sucrose Solutiong

Solutions of 23%, 15%, 10% and 3% Percoll (density 1.129g/1)
were made up in gradient buffer and adjusted to pH7.4 with HCl or NaOH
before use. Volumes of 2ml of each of the Percoll-Sucrose solutions were
layered in 15ml corex tubes using an LKB 2232 Microperspex S peristaltic
pump. A 2ml volume of the S1 fraction was then layered onto the gradients
which were centrifuged at 20,000rpm (32,500g) for exactly 5 minutes in a
Beckmann J21 centrifuge with the JA20 fixed angle head.

iii) Fraction Collection

Interfacial fractions, 4 bands and a pellet, were collected using a
pastuer pipette and pooled from each gradient. Fractions were washed twice by

resuspension in 10ml gradient buffer and centrifuged for 15 minutes at




13,800rpm (15,000g) using the Beckmann JA20 rotor in the J21 centrifuge.
After this final stage the fractions were resuspended in 0.6m! gradient buffer
with the exception of experiments where the synuptosomal fractions were
hypotonically shocked to prepare pellet and soluble fractions. The hypotonic
buffer was the same as the gradient buffer except it did not contain 0.32M
sucrose. Protease inhibitor cocktail containing a mixture of protease inhibitors at
a final concentration of 40ug/ml - PMSF, 156pg/ml benzamidine and 1jg/ml
each of aprotonin, leupeptin, pepstatin A, and antipain was added to the buffer.
The protease inhibitors were initially dissolved as a 1000x stock in 100%
DMSO before addition to the buffer. The lysate was then centrifuged
48,000rpm for 45 minutes in a Beckmann ultrcentrifuge using the TL-100
rotor. The resultant pellet was resuspended in a suitable volume of gradient
buffer. All fractions were then aliquoted, frozen in liquid nitrogen and stored at

-80°C.

2.8 ubcellular Fractionation of Svnaptosom inuous
Sucrose Gradients

Subcellular fractionation was carried out essentially as per
Shakur et al (1993).
i) Cell Lysisg

Synaptosomal fractions were prepared as in chapter section 2.7
iii) except at the final resuspension stage where fractions 2,3 and 4 were pooled
and resuspended in 1ml of lysis buffer pHS8.1 containing SmM Tris-HC1 and
50uM calcium chloride. Lysate was left on ice for 45 minutes before
rehomogenisation and centrifugation at 2000rpm in a Jouan MR1812 bench
centrifuge to give a post-nuclear supernatant.
ii) Preparation of Membranes

Gradients were layered using an LKB 2232 Microperspex $
peristaltic pump. Post-nuclear supernatant (~1ml) was loaded onto a gradient

consisting of 3mi 0.5M sucrose layered onto 1ml of 1.6M sucrose, and
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centrifuged 50,000rpm for 30 minutes using an SW55 swing out rotor.
Membranes were harvested at the 0.5M/1.6M interface. Solid sucrose was then
added to the membranes to give a concentration of >1.6M. All sucrose solutions
were made up in lysis buffer (see chapter section 2.8 i) for recipie).
1ii) Continuous Sucrose Gradient

A continuous gradient of 0.6M - 1.6M sucrose was prepared
using a gradient mixer. Membranes were loaded into the bottom of the tube and
centrifuged at 50,000rpm for 18 hours in the SW55 rotor. Samples were
collected in 200u1 aliquots using the perstaltic pump, frozen in liquid nitrogen
and stored at ~-80°C.
2.9 Acetyicholinesterase Assay

Acetylcholinesterse hydrolyses acetylthiocholine to produce a
thiol which exchanges with 5,5'-dithiobis-2nitrobenzoate (DTNB). This
compound is yellow and can be measured by following the change in the optical
density at 412nm, This method was as described by Ellman et al (1961).

Briefly, activity was measured using the following method. For
this experiment an LKB spectrophotometer set at 412nm was linked to a chart
recorder. Solutions containing 100 tissue sample (0.5-2.5mg/ml protein) and
2.7m! of 0.1M phosphate buffer pH8 were set up in 4ml glass tubes and
incubated at 37°C for 30 minutes. Solutions were then cooled to room
temperature. ¢.1ml of 10mM 5,5'-dithiobis-2nitrobenzoate in phosphate buffer
and 0.1ml of 15mM acetylthiocholine iodide were then added to the tubes and
mixed rapidly. The trace was followed for several minutes.

Activity was calculated using the following:

Molar extinction coefficient = 1.36x104

p = protein concentration in mg/mt

Activity = Abs.units/min x Cuvette vol. x 1 x 103
1.36x104 Sample vol. p

= yimoles/min/mg
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2.10 Lactate Dehvdrogenase Assay

Lactate dehydrogenase activity was measured as described by
Marchbanks (1967). Enzyme activity was measured by the rate of oxidation of
NADH which absorbs at a wavelength 340nm therefore, the rate of decrease of
optical density at 340nm is 2 measure of enzyme activity. Briefly, 1.35mli of
0.15M Tris/HC! pH7.4 and 50p! of each 10mM sodium pyruvate and tissue
sample were added to a 1.5ml cuvette and used to zero a spectrophotometer set
at 340nm and linked to a pen recorder. Free lactate dehydrogenase activity was
measured by the addition of 50u! of 2mM B-NADH and the trace followed for
several minutes. Finally 10% Triton/tris was then added to the cuvette to release
entrapped activity and the total activity was calculated from this trace.

Lactate dehydrogenase activity was then calculated using the
following:
Occluded lactate dehydrogenase = Total - Free
Molar extinction coefficient = 6.22 x 103
p = protein concentration in mg/ml
Activity = Abs. unitsfmin. x Cuvette vol, x 1 x 103

6.22x103  Sample vol. p

= nmoles/min/mg protein

2.11 S-nucleotidase Agsay

The activity of 5'-nucleotidase was assayed according to the
protocol detailed by Newby et al (1975) which was a modification of the
radioassay of Avrach (1971).

5'-nucleotidase activity was measured by the release of 3H-
adenosine from 3H-AMP. Reactions were set up in a 500pl volume containing
a substrate solution of 200uM AMP 'spiked' with 3ul/mi of tritiated nucleotide
which gave ~25,000 ¢.p.m. The volume was made up to 500l with S0mM
Tris-HCI pHS.0 buffer. Reactions were initiated with the addition of 10yl of

particulate fraction and incubated for 15 minutes at 37°C, and then terminated




by the addition of 100u! of 0.15M ZnSO4 and subsequently 100ul of (0.15M
Ba(OH)2. Samples were then centrifuged for 5 minutes at 12,000rpm in a
Jouan MR 1812 bench centrifuge. 500ul of supernatant was then added to Sml
of 'Ecoscint’ and radioactivity was determined in an LKB scintilation counter.
2.12 A f Aden ivi

Adenylate cyclase (E.C. 4.6.1.1) activity was measured as
described by Houslay et al (1976). Here an assay cocktail was prepared
consisting of an ATP-regenerating system (1.5mM ATP, 7.4mg/ml creatine
phosphate, 0.2mg/ml creatine kinase and 0.8mg/ml BSA) in a buffer of 25mM
triethanolamine, 5SmM MgSO4, 10mM theophylline, 1lmM EDTA and ImM
dithiothreitol, pH7.4. Drugs and membranes (20 - 100ug) were then added as
appropriate to give a final assay volume of 100ul.

Samples were then incubated at 30°C for 10 minutes, and the
reaction was terininated by boiling for 2 minutes. The precipitated protein was
pelleted by centrifugation for 5 minutes at 12,000rpm in a Jouan MR1§12
bench centrifuge and the supernatants were then removed for cyclic AMP
determination (see chapter section 2.13).

2.13 Cyclic AMP Determination

Determination of cyclic AMP content was based on the
saturation assay of Brown et al (1972) as described by Whetton et al (1983).

This assay depends upon the specific binding ability of the cyclic
AMP nucleotide to a cyclic AMP binding protein isolated and purified from
bovine adrenal glands (see chapter section 2.14). Samples and binding protein
are incubated together until equilibrium occurs and bound cyclic AMP is then
separated from unbound by the use of a charcoal/BSA suspension. The charcoal
absorbs free nucleotides and therefore estimation of 3H-cyclic AMP bound to
the protein can be made.

Using a range of known cyclic AMP concentrations, it is

possible to construct a standard displacement curve from which estimations of
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cyclic AMP content can be made. This is done by incubating increasing
amounts of unlabelled cyclic AMP with a fixed amount of the tritiated nucleotide
and binding protein. The portion of ¢cyclic AMP can in this way be reduced, as
the unlabelled and tritiated species compete for a finite number of binding sites
on the protein.

Total cyclic AMP binding to the protein was determined by
incubating the witiated cyclic AMP in the absence of the unlabelled species,
whilst non-specific binding is estimated by the incubation of tritiated cyclic
AMP in the absence of binding protein as well as unlabelled cyclic AMP.

For the assay, a series of unlabelled cyclic AMP solutions were
prepared ranging from (-320pmoles mi-1. This was done by dissolving cyclic
AMP in a buffer containing 50mM Tris/SmM EDTA pH7.4. Tritiated cyclic
AMP (5.8~3H~ad¢nosine 3'5’ cyclic phosphate) in 50% ethanol was diluted in
this Tris/EDTA buffer to give approximately 500,000cpmy/ml. 100ul of this
solution was added to tubes containing 50u] each of assay buffer, standard
cyclic AMP solution or supernatant from the unknown samples. After mixing,
1001 of binding protein was added to the samples which were mixed again.
Following incubation at 4°C for 2 hours, the binding reaction was terminated by
the addition of 0.25ml of a BSA/charcoal suspension. This solution consisted
of 2% GSX-100 charcoal and 1% BSA suspended in ice cold assay buffer. The
charcoal was pelleted from the samples by centrifugation for § minutes at
12,000rpm in a Jounan MR1812 bench centrifuge at 4°C. 400ul of supernatant
was removed into 'Ecoscint’ scintillation fluid, and the samples counted in an
KB scintillation counter. This counter had an RIA curve fitting programme
which produced a standard curve (described above) by plotting cpm of standard
sample vs pmol cyclic AMP. Cyclic AMP content in the unknown samples was
automatically calculated from the standard curve. The binding assay gave

optimum sensitivity between 0.25 and 8 pmoles/sample.
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2.14 Preparation of Cvclic AMP Binding Protein from Bovine
Adrenal Glands '

The buffer used throughout this procedure contained 250mM
sucrose, 25mM KCl, SmM MgS8Q4 and 50mM Tris-HCl pH 7.4 and all
operations were performed at 4°C.

1) Dissection

Approximately 30 fresh bovine adrenal glands were used. The
surrounding fat was removed and the gland was opened to lie flat. Medulla area
(pale brown/pink) was removed by gently scraping with a scalpel. The darker
cortex area was retained and the coating of connective tissue was removed from
it.

ii) Homogenisation

Tissue was homogenised in 200ml of buffer in a Waring

1) Centrifugation

Homogenate was filtered through two layers of muslin, which
was washed in a small volume of buffer, and centrifuged at 15,000rpm in a
JA20 rotor at 4°C for 15 minutes. Supernatant was decanted through filter
paper, aliquoted and stored at -20°C.

2.15 SDS-PAGE Electrophoresis

Separation of proteins by electophoresis was carried out in 10%
polyacrylamide gel slabs as described by Laemmli (1970).

Samples (100ug protein) were dissolved in 20ul of Laemmli
loading buffer containing 5M urea, 0.18M SDS, 0.38M dithiothreitol, 0.05M
Tris/HC1 pH8 and bromophenol blue as the tracking dye and boiled for 5
minutes. Electrophoresis was carried out in a ‘running buffer’ of 0.025M
Tris/HCI, 0.19M glycine and 0.0035M SDS. When the dye front reached the

edge of the gel electrophoresis was stopped and the proteins transferred to

nitrocellulose (see chapter section 2.16)




2.16 Western Blotting

Proteins were transferred from the polyacrylamide gel to
nitrocellulose 100% setting for 2 hours in a transblot apparatus (Hoefer
Instruments). This method is essentially as detailed by Huff et al (1985). The
‘blotting buffer' used here contained 0.025M Tris with (.19M glycine/methanol
4:1 v/v).

The nitrocellulose was then incubated in 20mM Tris/HCI pH7.5
with 500mM NaCl (ie TBS) and 5% dried milk powder for 2 hours at room
temperature. This stage blocks any non-specific protein binding. After 2 hours
the 5% dried milk powder/TBS was poured off and the nitrocellulose washed
briefly with distilled water before washing twice with TBS containing 0.2%
Nonident P40 and twice with TBS each for 5 minutes. The nitrocellulose was
then immunoblotted with TBS containing 1% dried milk powder and a 1;500
dilution of the appropriate antisera for 2 hours.

The antisera used in these experiments was 271 which was
generated in rabbits against a peptide corresponding to the last 12 amino acids
of the RD1 protein ((C)-T-P-G-R-W-G-5-G-G-D-P-A). RD1 (rat 'dunc-like’
cyclic AMP phosphodiesterase) is a type-IVA PDE which was cloned by
homology from a rat brain ¢cDNA library using the drosophola dunc PDE
¢DNA as a probe (Davis et al 1989), The peptide was conjugated with keyhole
limpet haemocyanin (KLH)} facilitated by the synthesis of a cysteine residue at
the N terminus of the peptide, according to the procedure of Lerner (1981).

After immunoblotting the nitrocellulose was washed as before
and incubated for 2 hours in TBS with 1% dried milk powder plus 10ul of anti-
rabbit peroxidase linked IgG. The nitroceliulose was then washed 4 times for 5
minutes each in TBS and labelled bands were detected using the Amersham

ECL Western Blotting visualisation protocol.

2.17 Concentration of Protein Samples
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If the samples to be used for Western Blotting were too dilute
the following precipitation protocol was followed. 100% trichloroacetic acid
was added to the samples to give a final concentration of 20%. Samples were
left on ice for 10 minutes before centrifugation for 5 minutes at 12,000rpm in a
Jouan MR1812 bench centrifuge. Supernatant was discarded and 20ul of ice
cold 1M Tris-base plus 201 of Laemmli loading buffer (see chapter section

2.15) were added to the samples prior to boiling for 5 minutes.




Results Chapter - 3

Characterisation of Human PDE4A hé6.1




3.1 Introduction

The first PDE4 cDNA to be isolated was for the Drosophiia dunc
enzyme (Chen et al 1986). Subsequent studies used this cDNA to probe
mammalian CDNA libraries for PDE4 isoforms from rat (Davis 1990, Conti et al
1990, 1991) and human (Livi et al 1990, McHale et al 1991, Bolger et al 1993,
Sullivan et al 1994).

The PDE c¢cDNA clone h8.1 (Sullivan et al 1994) described in
this chapter was isolated from a human T-lymphocyte cDNA library using a
PDE specific probe. This probe was generated by per using primers based on
the published sequence of hPDE4ALivi (Livi et al 1990), a PDE4A isoform
isolated from human monocytes. The per primers were for a highly conserved
region representing part of the catalytic domain of hPDE4A[ jvi. This identified
two overlapping clones which represented a PDE4 similar to that isolated by
Livi et al (1990), but lacked the first 13 amino acids. These first 13 amino acids
of hPDE4A] jvi were engineered onto the sequence of ho.1 to provide an open
reading frame as per that seen in the Livi et al (1990) clone.

Expression of h6.1 was enabled by engineering the cDNA for
integration into the genome under the transcriptional control of a constitutive
yeast promoter at the pep4 locus (sec Sullivan et al 1994 for details). This was
done in a strain of Saccharomyvees cerivisige which did not express either of the
two endogenous yeast PDE genes. Yeast strains rendered pde~{/pde-? display
the heat shock phenotye, due to elevated cyclic AMP levels, previously
described (section 1.11(ii)). Sgccharomyces cerivisige strains pde [pde2
expressing the h6.1 cDNA clone, strain YMS 6, were shown to be insensitive
to heat shock, whereas the pde-{/pde-?2 untransformed control strain YMS 5
did not, therefore it was concluded that the h6.1 ¢cDNA encoeded a functional
PDE.

Expression of h6.1 in yeast provided an available source of PDE

that could be analysed in detail, in a manner which has not previously been
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reported for a PDE4 isoform. The emphasis here is on defining the mechanism
of inhibition by the PDE4 specific inhibitor rolipram. Previously published data
have suggested that the mechanism of rolipram inhibition may be anomolous
(McLaughlin et al 1993, Bolger et al 1993). In particular, the studies on the
monocytic PDE hPDE4A] jvi which appeared to show that the inhibition by
rolipram did not comply with simple competitive inhibition. Detailed discussion
of the possible sources for this anomolous behaviour is given in chapter 1
section 1,19, which relate to a rolipram binding site distinct from the catalytic
site.

This chapter describes the characterisation of a PDE4A isoform
h6.1 (proposed GeneBank descriptor HSPDE4A?7, accession number U18087).
It reports on the kinetics of substrate hydrolysis, the kinetics of inhibition by the
PDE4 selective inhibitor rolipram and the non-selective inhibitor IBMX,
inhibitor profile to other PDE inhibitors, thermostability, and divalent cation

dependancy.




3.2 Results
1)Activi Y L s Expressing h6.1 and Yeast Cell

Lysate Expressing Control Yeast Strain YMS3S

Cell homogenates of the control yeast strain YMSS and the yeast
strain expressing h6.1, YMS6, were disrupted by means of a cell press and
assayed for PDE activity at the substrate concentration of 1uM cyclic AMP.
Control strain cell lysate YMSS5 failed to hydrolyse cyclic AMP, whereas YMS6
cell lysate hydrolysed cyclic AMP with specific activity of 5 - 9 pmol cyclic
AMP /min / mg over a range of 25 separate preparations,

Characteristically h6.1 behaved as a PDE of the PDE4 isoform
class. The cyclic AMP hydrolysing activity of h6.1 was unaffected by the
addition of calcium/catmodulin (20ng/ml), low concentration of cyclic GMP
(10pM) and was unable o utilise cyclic GMP as a substrate (<1% activity seen
with cyclic AMP).

(il)Location of h6.1 to the Pellet or Soluble Fraction of YMS 6

Lysates

Disrupted cell homogenates were centrifuged 210,000gzy for
45min, after which the pellet and supernatant fractions were assayed for PDE
activity at a substrate concentration of 1uM ¢yclic AMP. QOver a range of 25
observations it was noted that between 22 - 48% of the total PDE activity was
present in the supernatant fraction, the residual activity being in the pellet.
Specific activities were shown to range from 16.5 - 34.4 pmol cyclic AMP /min
/ mg for the pellet fraction, and 2.1 - 6.3 pmol cyclic AMP /min / mg for the
soluble fraction, over a range of 25 observations. The considerable activity
present in the pellet was not removed by recentrifugation or made soluble with
either TX 100, used over the range (0.1% - 2%) or sodium chloride used at a
range of 0.5M - 2M.

(iiiYThermostability of Pellet and Soluble hé.1
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The thermostability of both pellet and soluble h6.1 was assessed
at 45°C and 50°C. In each case the pellet and soluble forms of h6.1 decayed as
a single exponential yielding linear semi-log plots of residual activity against
time (fig 3.2.1). At both temperatures studied the pellet form of h6.1 was
considerably more stable with tQ 5 values of >30 minutes and 20 minutes for
45°C and 50°C respectively. The 10 5 values calculated for the soluble form
were 10 minutes and 2 minutes for the temperatures 45°C and 50°C
respectively.

iv)Bivalent cation Depend

Addition of the chelating agent EDTA in the PDE assay medium
(Mg2+ free) resulted in the dose-dependent inhibition of PDE activity. The
ability of magnesium chloride, manganese chloride, and calcium chloride o
reactivate the PDE activity was assessed (fig 3.2.2). Both magnesium and
manganese chioride were able to activate native PDE activity and reactivate PDE
activity in the presence of 0.25mM EDTA. However, calcium inhibited the
native PDE activity (fig 3.2.2, table 2).

v)Kinetics of Cyclic P Hydrolysis b 1

The K value for the hydrolysis of cyclic AMP by both the
soluble and pellet forms of h6.1 were determined from Lineweaver-Burke plots
(fig3.2.3). In each instance, the double-reciprocal plots of initial rate versus
cyclic AMP concentration for h6.1 activity were linear over a wide substrate
concentration range of 0.05 - 100uM cyclic AMP and displayed simple
saturation kinetics. In order to calculate Ky values, the data were fitted to the
Michaelis Menton equation Vohs = (Vmaxlcyclic AMP] / (Km+[cyclic AMP))
using the Ulirafit graphical package. This non-linear fitting programme obviates
errors in fitting to the Lineweaver-Burke plot using regression analysis, where
the spread of errors is not evenly distributed as it is a double-reciprocal plot. In
each case, the 'Tobust weighting' facility was used and the 'goodness of fit'

index was no less than 0.99 with each estimation, 1 being a perfect fit. This
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analysis yielded Km values of 4.1%1.7uM for the soluble form and 5.2+1.5uM
for the pellet form of h6.1 (n=6 in each case).

{(vi)Inhibitor Profile of h6.1

The ability of PDE4 selective compounds rolipram and RO-20-
1724, the non-selective compound IBMX and the PDE3 selective compound
cilostimide to inhibit substrate hydrolysis of h6.1 activity was assessed. The
substrate concentration used in these experiments was 3uM, a concentration
which reflects that of the Ky, value.

The inhibitor profile for h6.1 was typical of a PDE4 isoform, where substrate
hydrolysis was more potently inhibited with rolipram (fig. 3.2.4., table 3) and
RO-20-1724 (fig. 3.2.5, table 3) than IBMX (fig. 3.2.6, table 3) or cilostimide
(fig. 3.2.7, table 3). IC50 values (concentration of inhibitor which produced
50% reduction in substrate hydrolysis) were then calculated for each compound
from the dose response curves, and Kj (inhibition constant) was calculated by
application of the Cheng-Prusoff equation (Cheng and Prusoff 1973) K; = ICs0
/ 1+ (S /Km), which assumes competitive inhibition (table 3).

vii}Kinetics of Inhibition of h6.1 by IBMX Rolipram

Both the soluble and pellet fractions of h6.1 were competitively
inhibited by rolipram (fig. 3.2.8). This was determined from the double-
reciprocal plots (fig. 3.2.8) of h6.1 activity versus cyclic AMP concentration in
the presence of increasing inhibitor concentration. These Lineweaver-Burke
plots and the slope and Dixon (1953) replots of these data (figs. 3.2.8, 3.2.9,
3.2.10) remained linear over a wide range of substrate and inhibitor
concentrations, indicative of simple competitive inhibitiﬁn.

Similarily, IBMX was shown to be a simple competetive
inhibitor of the pellet form of h6.1 as shown in the linear Lineweaver-Burke
plots (fig. 3.2.11); slope and Dixon replots (fig. 3.2.12, 3.2.13).

The relationship between increasing protein concentration and

PDE activity was also shown to be linear, even in the presence of rolipram at a




concentration which gave half-maximal inhibition of activity (fig. 3.2.14), This

demonstrates that rolipram is not a tight-binding inhibitor of h6.1.




3.3 Conclusions and Discussion

PDE h6.1 can be characterised as belenging to the PDE4
isoenzyme family. This was evident from the specificity and high affinity for
cyclic AMP as substrate (3.2.v, fig 3.2.3). Also, that the hydrolysis of cyclic
AMP was unaffected by either calcium / calmodulin or low concentrations of
cyclic GMP (3.2.1), further confirms h6.1 as belonging to the PDE4 class. The
inhibitor profile of h6.1 was also typical for a PDE of the PDE4 class, in
particular the sensitivity to rolipram and RO-20-1724 (table 3, figs 3.2.4,
3.2.5). PDE h6.1 also shares sequence similarities and biochemical
characteristics of other PDE4 isoforms, in particular RD1. This suggests that
h6.1 can therefore be classified as a member of the PDE4A subclass (Sullivan et
al 1994),

The present study showed that h6.1 was present in both the
pellet and soluble fractions of YMS6 cell lysates. However, in COS-1 cells
(Sullivan et al 1994), h6.1 was present only in the cytosol. Comparison of h6.1
expressed in both yeast and COS-1 cells {table 4) show similar Ky values for
cyclic AMP hydrolysis and more importantly, similar IC50 and Kj values for
inhibition by rolipram. Furthermore, the present study also shows that the pellet
and soluble forms of the enzyme are identical with respect to substrate
hydrolysis and inhibitor profile, and differ only in their thermostability (table
3). This suggests that the catalytic activity and the inhibitor binding of the pellet
insoluble fraction in yeast was unaffected by its location within the cell. Both
the soluble and pellet forms of h6.1 activity decayed as a single exponential,
suggesting a homogeneous population of enzyme. However, the pellet form
was more stable (fig 3.2.1, table 3). Thus, whatever caused h6.1 to become
pellet assaciated in yeast did not affect enzyme activity, but did constrain the
enzyme in such a way as to resist therma! denaturation, The pellet form of h6.1
was unaffected by treatment with either TX100 or NaCl. Therefore, h6.1 is not

an integral membrane protein or a peripherally bound enzyme but simply




formed an insoluble complex in yeast as a result of its overexpression.
Alternatively, the pellet form of the enzyme could have been composed of yeast
which had not been properly lysed. Therefore, the pellet associated enzyme
could have formed a leaky' complex into which cyclic AMP could enter and
access PDE. It is likely that the soluble form represents that of the native
enzyme because in COS-1 cells h6.1 is exclusively cytosolic.

An engineered version of h6.1, called h6.1his5, was purified by
Dr Neil Brown. PDE h6.1his5 was engineered with 5 histidine residues to
provide a zinc binding motif at the C-terminal end and allow purification by
binding specifically to a nickel chelate column. Using this purification
procedure a single peak of protein of 74kDa * 3 was isolated. This was
comparable with the value obtained using a crude soluble fraction of native h6.1
(73kDa % 3) and the single protein band observed on a non denaturing gel
(73kDa % 2). The molecular size determined for h6.1 was as predicted from the
DNA sequence. This data was consistent with the observation from the
thermostability studies (3.2.1, table 3) in which it was determined that soluble
h6.1 was expressed as a single population of enzyme species and not as the
product of proteolysis.

Dependency on the presence of bivalent cations for PDE activity
has been previously observed by other investigators (Grant & Colman 1984,
Lavan et al 1989). This study has shown that treatment of h6.1 with EDTA
rendered the PDE inactive which could be overcome in a dose-dependent
fashion by either Mg2+.or Mn2+ (fig 3.2.2, table 2). This suggests that there
is a distinct negatively charged site within the PDE active site to which cations
bind and enhance substrate hydrolysis. Indeed, Francis et al (1994) have noted
a conserved motif in all PDEs, Hx3Hx-20E, which is thought to function as a
zinc binding site and is essential for activity. Of interest, Pyne and coworkers
have shown that the inhibitory effect of zaprinast on PDES could be due to its

ability to chelate zinc (Beavo et al 1994). This bivalent cation binding site on
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PDE4 could also be important for inhibitor binding, for it has been reported that
the ability of 3H-rolipram to bind to sites on rat brain membranes is dependant
on the presence of divalent cations (Schneider et al 1986). However, it is not
simply the case that the more electro-positive an element then the more potent it
will be as an activator of PDE activity because Ca2+, which is more
electropositive than either Mgz‘*“or Mn2+, dose-dependently inhibited PDE
activity.

PDE inhibitors have been developed on the basis of analogy w0
cyclic AMP. This would suggest that all inhibitors would be competitive agatnst
substrate hydrolysis, however, if such an inhibitor was found to be tight
binding then it can be expected that anomolous kinetics may occur as a result,
Fig. 3.2.14, shows a linear relationship between protein concentration and h6.1
activity in the presence and absence of rolipram, which demonstrates that
rolipram is not a tight binding inhibitor.

The mechanism of inhibition by rolipram of PDE4 is one of the
least understood aspects of this family of enzymes. It has been suggested on the
basis of dose-response curves of PDE4 that the kinetics of rolipram inhibition
may be anomolous (McLaughlin et al 1993, Bolger et al 1993). Although
analyses of rolipram inhibition have been so far basic, it has been demonstrated
that several orders of magnitude ("3 log orders in the case of h6.1 (fig 3.2.4,
table 3) ) are necessary to completely inhibit the enzyme. In addition, kinetic
studies on hPDE4A] jyi was reported not to fit to simple competitive inhibition
(Livi et al 1990). Clearly, rigorous analysis of the kinetics of rolipram inhibition
was necesary to determing any Kinetic anomolies with h6.1. This study has
shown however, that both rolipram and the non-selective inhibitor IBMX acted
as simple competitive inhibitors of h6.1 as shown by the linear double-
reciprocal plots (fig 3.2.8, 3.2.11), slope replots (fig 3.2.10, 3.2.13) and

Dixon replots (fig 3.2.9, 3.2.12). Schematic representation of competitive
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inhibition is given in fig (3.2.15) showing that the inhibitor simply competes
with substrate for the active site.

Analysis of hPDE4A] jvi indicated that rolipram did not serve as
a simple competitive inhibitor from the authors double-reciprocal plots (Livi et
al 1990, Torphy et al 1992). In support of this, a plot of slope versus rolipramn

concentration for hPDE4Af] ;vi (fig 3.2.16) was curved in a concave fashion.

This would not occur if more than one molecule of rolipram bound to the |

enzyme as hypothesised by the authors, as the plot would be upwardly curving,
Further analysis of this data showed that the slope versus rolipram
concentration plot for APDE4A] jvi could be linearised by replotting a double-
reciprocal of each axis (Dixon and Webb 1979), which is indicative of partial
competitive inhibition, A scheme of partial competitive inhibition is shown in
fig 3.2.17, in which the inhibitor competes with the substrate to form an EI
complex which can interact further with substrate to form an EIS complex. In
such a case both complexes break down to form products at the same rate.

Torphy et al (1992) have suggested that the kinetic anomalies
seen with hPDE4A] jvi are the result of the presence of a high affinity binding
site for rolipram, distinct from the site of catalysis (Introduction 1.19(ii)).
Thus, the abnormalities seen with the inhibition by rolipram, would be due to
more than one molecule of inhibitor binding per molecule of enzyme. However,
this study has shown that both rolipram and IBMX are simple competitive
inhibitors of substrate hydrolysis by a PDE4A isoform h6.1.

Sequence analysis of hPDE4A] jvi and comparison with that of
h6.1 (Sullivan et al 1994) have shown the two to be highly related but differ in
five amino acids. These amino acids are located within or next to the catalytic
domain (Chen et al 1986, Jin et al 1992), Y317/D, R523/M, R527/p, ES89/A
and N598/S (chapterd fig 4.2.2). It is possible that these sequence changes
could explain the kinetic differences seen with h6.1 and hPDE4A] jvi, and

cause alterations in the way in which the active site of hPDE4A] jvyi folds
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therefore, allowing both the substrate and inhibitor to bind at the same time. An
alternative explanaition could be that a modification occured in the preparation
of the enzyme.

Sullivan et al (1994) have shown that h6.1 as opposed to
hPDEA4A1] ivi, represents that of the native PDE. Several lines of evidence
support this. Using commercially available cDNA libraries, human PDE4A
clones were isolated which failed to match the sequence of hPDE4A] v, yet all
matched with h6.1. Moreover, the genomic sequence of a human PDE4A gene
matciles that of h6.1 (Sullivan et al 1994). Sequence differsnces in hPDE4AY jvi
may be the result of a mutant enzyme or that there are two PDE4A genes,

however it is more probable that they represent sequencing errors.

Addition to chapter 3, paragraph_1, page 80

The dependancy of h6.1 catalytic activity on the presence of bivalent cations
could be related to the ability of these cations to form a complex with the
substrate. In such a case, this complex of substrate and bivalent cation would
allow a more efficient interaction between cnzyme and substrate. With respect to
the bivalent cation dependancy results obtained with h6.1 it conld be considered
that both magnesium and manganese formed a complex with cyclic AMP to
stimulate hydrolysis, whereas, calcium was unable to and was therefore
inhibitory,

Addition to chapter 3. paragraph 3, page 80
The dose response curves for rolipram inhibition of h6.1 (fig 3.2.4) were

shown to spread over several orders of magnitude to completely inhibif enzyme
activity. Therefore, the concentration range of rolipram chosen to investigate the
drugs inhibitory mechanism (0 - SuM) in figs 3.2.8 a and b on h6.1 activity
could have biased the results towards competitive inhibition.
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Table 2 ICs0_and ECs¢_Yalues for Inhibition / Activation of
Pellet h6.1 Activity by EDTA { Divalent Cati

Divalent Cation IC50 (mM) EC50 (mM) ECs50 (mM)
Reactivation

Magnesium N.A. 1.8+0.5 2.430.5

Chloride

Manganese N.A. 4.1+0.4 1.620.2

Chloride

Calcium 1.4x0.06 N.A. N.A.

Chloride

EDTA 0.084+0.03 N.A. N.A.

Results are shown as mean values * the standard deviation for three
observations in each case.

IC50 was the concentration which resulted in 50% inhibition of h6.1 activity.
EC50 was the concentration which resulted in 50% activiation of h6.1 activity.
N.A. = not applicable.
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Table 3 Km. Inhibitor Profile and Thermostability Values for

Soluble and Pellet Forms of h6.1
Soluble h6.1 Pellet h6.1
Km cAMP (HM) 5.2%1.5 (n=6) 4.1%1.7 (n=6)
Rolipram IC50 (WM) 0.51£0.15 (n=6)  1.35%0.5 (n=6)
Ki (uM) 0.41£0.1 (n=6) 0.7£0.3 (n=6)
IBMX IC50 (uM) 25.6£2.2 (n=3) 37.244.5 (n=3)
Kj (uM) 1543 (n=3) 1942 (n=3)

Cilostimide IC50 (WM) N.D. 129441 (n=3)
Ki (0M) N.D. 81.8426 (n=3)

RQ-20-1724 1C50 (LM) N.D.
Kj (UM) N.D.

7.241.2 (n=3)
4.5+0.8 (n=3)

Values are given as mean % the standard deviation for the number of

observations in parenthesis.

ICs() was the concentration which resulted in 50% inhibition of h6.1 activity.
The Kj value was the inhibition constant calculated from the Cheng-Prussoff

equation as described in results section 3.2.vi.
N.D. = not determined.
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s Z C L) . '
COS-1 Cells* Saccharomyces.
2rivisi
K “AMP (uM) 612 (n=3) 4.1£1.7 (n=6)
Rolipram IC5¢ (M) 0.6+0.2 (n=3) 0.51%0.15 (n=6)
Ki (uM) 0.6 0.440.1 (n=6)

* = Data from Sullivan et al (1994).

Values are shown as the mean % standard deviation for the number of
observtions in parenthesis.

IC50 was the concentration which resulted in 50% inhibition of h6.1 activity.
The Kj value was the inhibition constant calculated from the Cheng-Prussoff
equation as described in results section 3.2.vi.
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45°C

Thermostability of h6.1 was measured at 45°C. The resulatant tg 5 values were
calculated to be 10 minutes and >30 minutes for soluble and pellet activity

respectively.
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Fig. 3.2.1 1 Tt tability_of Solubl 1 Pellet h6.1 af
20°C
Thermostability of h6.1 was measured at S0°C. The resulatant g 5 values were

calculated to be 2 minutes and 20 minutes for soluble and pellet activity
respectively.
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Fig. 3.2.2 Treatment of Pellet h6.1 with EDTA

h6.1 activity was measured in ion free Tris pH7.4 buffer in the presence of
increasing concentration of EDTA, which dose-dependently inhibited activity as
shown. Result is shown in table 2.
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Fie, 3.2.2 1| Dose-R . f Pellet h6.1 Magnesi
Chloride

h6.1 activity was measured in the presence of increasing concentration of
magnesium chloride in Tris pH7.4 buffer, which dose-dependently activated
activity as shown. Result is shown in table 2.
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M igm_Chlorid

Activation of native pellet h6.1 and reactivation of EDTA treated h6.1 with
magnesinom chloride is shown. Result is shown in table 2,
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Activation of native pellet hé.1 and reactivation of EDTA treated h6.1 with
maanganese chloride is shown. Result is shown in table 2.
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Fig 3.2.2 ¢ Inhibition _of Native Pellet h6, 1 with Calcium
Chlorid

Inhibition of native pellet h6.1 with calcium chloride is shown. Result is shown
in table 2.
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Fig. 3.2.3 a Determination of Km c¥clic AMP_For Soluble
ho.l

Lineweaver-Burke plot was constructed by the measurement of soluble hé.1
activity in the presence of increasing cyclic AMP concentrations. Activity was
linear over the ranges 0.1 - 100uM (insert), and 0.05 - 10puM cyclic AMP. Km
values were calculated using the Ultrafit programme as described in results, and
the data is shown in table 3.

This experiment is representative of one carried out with at least six different
preparations.

93

......




1/ v (pmol / min / mg)

1/ v (pmol { min / mg)

0.20 m

0.15

010~

0.05 ~

0.00

1/ [eyclic AMP] uM

LENN N B S T r

1
7 89 11 13

1/ [eyclic AMP] uM

I
15

T T
17 19




Fig. 3.2.3 b Determination of Km c¥ehic AMP_For Pellet
ho.1

Lineweaver-Burke plot was constructed by the measurement of pellet h6.1
activity in the presence of increasing cyclic AMP concentrations. Activity was
linear over the range 1 - 20pM cyclic AMP. Ky value was calculated using the
Ultrafit programme as described in results, and the data is shown in table 3.
This experiment is representative of one carried out with at least six different
preparations.




8

0.04 -
0.03 +

(Bus jun f fowdy A/ 1

0.01

0.00

0.4 0.6 0.8 1.0 1.2

0.2

6.0

1/ [eyclic AMP] pM



Pellet h6.1

Soluble (a) and pellet (b) activity was measured at a fixed concentration of
cyclic AMP (3uM), which approximated that of the Ky, for each enzyme, in the
presence of increasing rolipram concentration. Resultant IC5( values are given
in table 3.
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Fi 32,5 D!!fﬁ'EﬁﬁnﬂnSE {0 RO-20-1724 of 'E-E.!lﬂt hé6.1

Pellet h6.1 activity was measured at a fixed concentration of cyclic AMP
(3uM), which approximated that of the Kpy, in the presence of increasing Ro-
20-1724 concentration. The resultant IC5() value is given in table 3.
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Pellet _h6.]

Soluble (a) and pellet (b) activity was measured at a fixed concentration of
cyclic AMP (3uM), which approximated the Km for each enzyme, in the
presence of increasing IBMX concentration. Resultant IC5( values are given in

table 3.
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Fig. 3.2.7 Dose-Response fo Cilostimide of Pellet ho.1

Pellet h6.1 activity was measured at a fixed concentration of cyclic AMP
(3uM), which approximated that of the Ky, in the presence of increasing
cilosttmide concentration. The resultant IC5() value is given in table 3.
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Fiz. 3.2.8 Kinetics of Roli Inhibiti f Solubl
hé.1

Soluble h6.1 activity was measured over the range of 1 - 20uM cyclic AMP in
the presence of increasing concentration of rolipram. This experiment is
representative of one done at least three times.
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Fig, 3.2.8 | Kinetics of Roli |nhibiti £ Pellet
hé.1

Pellet h6.1 activity was measured over the range of 1 - 20uM cyclic AMP in the
presence of increasing concentration of rolipram. This experiment is
representative of one done at least three times.
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Fig. 3.2.9 Dixon Replot of Roli Inhibition of Solubl
he.l

Data 1s shown as the reciprocal of activity versus increasing concentration of
rolipram (Dixon and Webb 1979). This experiment is representative of one
done at least three times.
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Fig. 3.2.9 | Dixon Replot _of Roli Inhibiti f Pellet
he.l

Data is shown as the reciprocal of activity versus increasing concentratian of
rolipram (Dixon and Webb 1979). This experiment is representative of one
done at least three times.
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Fig. 3.2.10 a Slope Replot of Rolipram Inhibition of Soluble
he.l

Data is shown as the slope replot of activity versus increasing concentration of
rolipram. This experiment is representative of one done at least three times.
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hé.1

Data is shown as the slope replot of activity versus increasing concentration of

rolipram. This experiment is representative of one done at least three times.
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Fig. 3.2.11 Kinetics of IBMX Inhibition of Pellet
hé.1 _.:,-'j.;

Pellet h6,1 activity was measured over the range of 1 - 20uM cyclic AMP in the
presence of increasing concentration of IBMX. This experiment is

representative of one done at least three times.
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Fig, .3.2.12 Dixon. Replot_of IBMX_ Inhibition of Pell
h6.1

Data is shown as the reciprocal of activity versus increasing concentration of
rolipram (Dixon and Webb 1979). This experiment is representative of one
done at least three times.
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Fig. 3.2.13 Slope Replot of IBMX_ Inhibiti f Pellet
hé.1

Data is shown as the slope replot of activity versus increasing concentration of
rolipram. This experiment is representative of one done at least three times.

107




Slope

0.20 ~

0.15 -+

0.10

0.05 ~

0.00 4

T d T Y T 1
10D 200 300 400

[AEMX] pM




C I Io ! .|l il

h6.1 activity was measured over the protein concentrations shown *+ 2uM
rolipram, at a substrate concentration of 1pM cyclic AMP,
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Fig. 3.2.15 Scl e R tation of C i

Shown diagramatically is the scheme of competitive inhibition showing that the
inhibitor simply competes with substrate for the active site.
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Fig. 3.2.16 Slope Replof of Roli Inhibiti [
hEDE4AY ivi

Data is shown as the slope replot of activity versus increasing concentration of
rolipram. This data was obtained from Livi et al 1990,
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Fig. 3.2.17 Schematic Rep ation of Partial
C titive Inhibiti

Shown diagramatically is the scheme of partial competitive inhibition. This
shows that the inhibitor competes with the substrate to form an EI complex
which can interact further with substrate to form an EIS complex. In such a case
both complexes break down to form products at the same rate.
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Results - Chapter 4

Analysis of Trunca_ted Versions of
h6.1, Chimeric PDE HYB1 and an N-terminal
Domain Extension PDE 10AORF




4.1 Introduction

The cloning and analysis of h6.1, as described in chapter 3, has
shown that hPDE4A] jvi and h6.1 are highly related proteins but differ with
respect to five amino acids contained within, or next to, the catalytic domain
(Sullivan et al 1994, Jin et al 1992. The amino acid residues which differ
between hPDE4A] jvi and h6.1 are shown in fig 4.2.2. At the time of this
study, it was thought that the differences between h6.1 and WPDE4A]J jyi were
the result of either cloning errors or mutations, or that h6.1 and hPDE4A] ivi
represented alternative species, Also, Torphy et al (1992) reported that a high
affinity binding site for rolipram, distinct from the catalytic site, was present on
hPDE4AT jvi. Thus, Torphy et al (1992) proposed that the ability of
hPDE4A] jvi to bind more than one molecule of rolipram per enzyme molecule
was consistant with the kinetic anomalies seen with hPDE4A] jvi. As shown in
chapter 3, both rolipram and IBMX were simple competitive inhibitors of
substrate hydrolysis (figs 3.2.8, 3.2.11), therefore, substrate and inhibitor
binding occur at the one site in h6.1. It was anticipated that if h6.1 displayed
anomolous kinetics, perhaps through the binding of rolipram to a site other than
the catalytic site as proposed by Terphy et al (1992), then trimming of the
surrounding sequences of the basic catalytic domain would reveal this.

Analysis of the catalytic domain (Jin et al 1992) has shown that,
while members of any one PDE class show 60 - 90% homology in the catalytic

region, those belonging to different classes are much less homologous. The

catalytic region of PDE4 (Jin et al 1992) can be identified by homology with
other PDE species (fig 4.1.1), and is conserved throughout the PDE4 class.

However, it is evident that the N and C terminal regions of PDE4 A, B, C and
D isoforms, outwith the catalytic region, differ widely (fig 4.1.2) Bolger et al
(1993). Thus, these N and C terminal regions presumably perform other
functions which could influence enzyme stability or catalysis, In order to

address whether the N and -C terminal regions of h6.1 influenced enzyme



activity, Dr M. Sullivan (Sandoz), created a series of mutants of h6.1 which
were engineered for expression in Saccharomyces cerivisige as per h6.1, These
truncations, which refer to the sequence of h6.1, took the form of an N-terminal
deletion of residues 1 - 172 (YMS 10 yeast strain), a deletion at the N-terminus
of residues 1 - 172, and C-terminus of residues 608 - 692 leaving the basic
catalytic domain (YMS11 yeast strain) and a C-terminal deletion of residues 608
- 692 (YMS12 yeast strain) (fig 4.2.1).
In addition, a hybrid form of h6.1 was constructed which
involved an N-terminal domain swap of h6.1 with a 33 amino acid unique N-
terminal region of a novel PDE4A splice variant, which has been called 2EL
(HSPDE4A8, GenBank accession number U18088) (Horton et al 1995) (fig
4.2.2). 2EL was isolated from a human, resting, T cell cDNA library, which
was screened with a PDE specific probe generated by per as reported for h6.1
(Sullivan et al 1994). Sequence analysis of the putative proteins encoded by
2EL and h6.1 showed that they differed in twé regions. 2EL was shown to
encode a unique 33 amino acid N-terminal sequence, after which their identity
extends over a further 275 amino acids. After this region of homology there is a
34bp insertion, within the putative catalytic region, where premature termination
of 2EL would occur as a result of the frameshift of the 2EL. ORF. The insertion
of the 34bp fragment disrupts the catalytic region of 2EL in such a way as to
produce a protein which is inactive when the cDNA is transfected into COS
cells (Horton et al 1995). To investigate the function of the unique N-terminal
region of 2EL, as the 2EL enzyme was inactive, the hybrid HYB1 was
constructed. HYB1 was generated by exchanging the N-terminal region of ZEL
with the corresponding region of h6.1 to assess the effect of the N-terminal
region of 2EL on catalytic activity.
‘ Studies by Bolger et al (1993) have shown that a longer open
reading frame, than that for either h6.1 or hPDE4A] jyi, can be generated from

the PDE4A gene (fig.1 Bolger et al 1993). The product encoded by the cDNA
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isolated, which represented the PDE4A gene, was named PDE46 (GeneBank
name HSPDEA4AS, GeneBank accession number 1.20965). PDE46 was shown
to be related to hPDE4A] jjvi, in that hPDE4A] jvi was a truncated version. In
relevance to this, Dr Mike Sullivan (Sandoz) has isolated a cDNA clone which
represented an extended version of h6.1 which has been named 10AORF, The
sequence of 10AORF is identical to PDE46, except for a 14 amino acid
extension at the N-terminal region (fig 4.2.3).

To analyse the effects of the structural alterations of the truncated
enzymes, 10AORF and HYB1 we considered the kinetics of cyclic AMP
hydrolysis and the effect of rolipram thereon. The thermostability of the
enzymes were also analysed as an indication of alterations to the catalytic unit.

It was hoped that it would be possible to determine the relative
amounts of the truncated enzymes, 10AORF and HYB1 as expressed in yeast
using antisera which would cross react with each enzyme, and thus, enable the
determination of Vimax values for each of the enzymes. This would have been
done, inidally, by western blot analysis of increasing protein concentration from
the soluble fraction of ransfected yeast cells. The resultant blots would then
have been scanned to obtain a plot of OD value vs ug protein, in order to
estimate the concentration of RD1 in each sample relative to each other, Then,
amounts of protein from transfected yeast, which would provide equivalent
amounts of RD1 could have been immunoprecipitated. The immunoprecipitates
would have been assayed for PDE activity over a range of cyclic AMP
concentrations, and the data plotted as a Lineweaver-Burke plot to define the
relative Vmax for each enzyme. From this, it would have been possible to
determine any effect on enzyme activity as a result of changes to the N and C
terminal regions. However, we were unable to generate an antisera despite
repeated attempts using various peptides. This antisera could also have been

used to look at the expression and determine the molecular weight, of such

proteins in vivo .




This chapter describes the characterisation of the truncated
enzymes, the 10AORF enzyme which has an extended N-terminal region with
respect to h6.1, and the chimeric enzyme HYB1. These cxperiments were
designed to investigate effects on catalysis and enzyme stability induced by the

changes to the N and C terminal regions of h6.1.
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4.2 Results
(1)Sequence Alisnments of h6.1, 10AORF, HYB 1, YMS 10,

YMS 11 and YMS 12

The truncations of h6.1, which were created by Dr Mike
Sullivan (Sandoz), took the form of an N-terminal deletion of residues 1 - 172
(YMS 10 yeast strain), a deletion at the N-terminus of residues 1 - 172, and C-
terminus of residues 608 - 692 leaving the basic catalytic domain (YMS 11
yeast strain) and a C-terminal deletion of residues 608 - 692 (YMS 12 yeast
strain). These truncations are shown diagramatically in fig 4.2.1, and their
amino acid sequences are shown in the alignment in fig 4.2.4. The sequences of
the truncated enzymes, h6.1 and HYB1 are all aligned to the sequence of
PDE46.

The sequence alignment of h6.1, HYB1 and 2EL are shown in
fig 4.2.2, Shown in this alignment is the unique N-terminal region of 2EL
which has been exchanged for the N-terminal region of h6.1,

The identity of 1AORF with PDEA6 is shown in fig 4.2.3, The
sequence of 10AORF is identical to PDE46, except for a 14 amino acid
extension at the N-terminal region of PDE46. In addition, this alignment shows
that the amino acid base changes seen in hPDE4A] jvj are absent from the
sequence of PDEA46,

(ii)Expression of 10AQRF, HYRB1, YMS10, YMS11 and

YMS12 in Saccharomyces cerivisiae

Cell suspensions of yeast expressing 10AORF, HYB1, YMS10,
YMS11 and YMS12 were disrupted by means of a cell press. Cell homogenates
were centrifuged 210,000g,y for 45 minutes, after which the pellet and
supernatant fractions were assayed for PDE activity at a substrate concentration
of 1uM cyclic AMP. All yeast strains expressed measurable PDE activity in
both the pellet and soluble fractions, with the exception of the YMS10 strain. It

is unclear as to why only the YMS10 strain did not express PDE activity,
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however, if yeast transfected with plasmid are not placed under any selection
pressure, as in this case, then the cells secrete the plasmid. As a result the yeast
which do not contain the plasmid grow more rapidly. This could have been the
case with YMS10.

The specific activities determined (in pmol cyclic AMP / min /
mg * standard deviation from the mean) for each of the enzyme preparations
expressed in yeast, for pellet and soluble fractions respectively were, HYB1
1.14 £ 0.3, 1.4 £ 0.4 (n=3), 10AORF 21.7 + 1.7, 15.7 + 1.8 (n=3), YMSI11
0.43 £ 0.1, 0.76 £ 0.2 (n=3) and YMS12 599 + 1.2, 0.46 £ 0.2 (n=3) (table
5). The control yeast strain for HYB1 was YMS5X and for the truncations and
10AORF the control yeast strain was YMSS. In each case the control strain
failed to hydrolyse cyclic AMP,

The activity distribution between the soluble and pellet fractions
expressed in yeast (table 5) were similar for HYB1, 10AORF and YMS11 with
40 - 60% of the activity in the soluble fraction. However, considerably less of
the YMS12 activity was present in the soluble fraction. The values in table 5 are
representative of at least three different preparations.

iii)Kinetics of Cyclic AMP Hydrolysis by the Soluble Forms of
1 HYB 1, YMS 11 and YMS 12

The K value for the hydrolysis of ¢cyclic AMP by the soluble
fractions of yeast expressing 10AORF, HYB1, YMS11 and YMS12 were
determined from Lineweaver-Burke plots (figs 4.2.5, 4.2.6, 4.2.7 and 4.2.8
respectively). In each instance, the double-reciprocal plots of initial rate versus
cyclic AMP concentration for each activity was linear over the substrate
concentration range of 0.1 - 50uM and displayed simple saturation kinetics. In
order to calculate K values, the data were fitted to the Michaelis Menton
equation Vobs = (Vmax[cyclic AMP] / (Km+[cyclic AMP]) using the Ultrafit
graphical package. In each case, the ‘robust weighting' facility was used and

the 'goodness of fit' index was no less than 0.99 with each estimation, 1 being
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a perfect fit. This non-linear fitting programme obviates errors in fitting to the
Lineweaver-Burke plot using regression analysis, where the spread of etrors is
not evenly distributed as it is a double-reciprocal plot. This analysis yielded Ky
values for each of the enzyme activities which were all in the low uM range.
The Ky values are shown in table 6. Each experiment is representative of that
carried out at least three times.

(iv)Dose Response to Rolipram of the Soluble Forms of

10AORFHYB 1, YMS 11 and YMS12

The ability of the PDE 4 selective inhibitor rolipram to inhibit
substrate hydrolysis of 10AQORF, HYB 1 and the truncated enzyme activities
was assessed. To ensure an accurate comparison with h6.1, the dose response
curves were constructed using an identical substrate concentration, 3uM, which
reflected that of the Ky value of h6.1. Rolipram was used in the concentration
range of 0.05 - 10uM.

IC50 valugs (concentration of inhibitor which produced 50%
reduction in substrate hydrolysis) were then calculated for each enzyme from
the dose response curves shown in figs 4.2.9, 4.2.10, 4.2.11 and 4.2.12 for
10AORF, HYB1, YMS11 and YMS12 respectively. The IC5( values are
shown in table 6.

v)Kineti Inhibition of the Soluble F 10A
Rolipram

The mechanism of inhibition by rolipram of PDE4A was further
investigated in this study. In chapter 3, it was shown that both the non-selective
inhibitor IBMX, and the PDE4 inhibitor rolipram, competitively inhibited
substrate hydrolysis {figs 3.2.7 & 3.2.10) of h6.1. The isolation of the
extended version of h6.1, 10AORF allowed the further analysis of rolipram
interaction. In addition, determination of the IC5Q value of rolipram inhibition
of 10AORF, showed a greater potency of inhibition compared to that for h6.1

(table 6). It was necessary, therefore, to investigate whether this shift in
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potency was the result of a change in the mechanism by which rolipram
inhibited the enzyme.

To address this question, double-reciprocal plots were
constructed of soluble 10AORF activity versus cyclic AMP concentration in the
presence of increasing concentration of inhibitor. Soluble 10AORF activity, in
contrast to h6.1, was partially competitively inhibited by rolipram. Linear
Lineweaver-Burke (fig. 4.2.13) and Dixon (1953) (fig. 4.2.14) plots were
obtained with 10AQRF, which remained linear over a wide range of substrate
and inhibitor concentrations. However, a slope replot (fig, 4.2.15) of this data
was shown to be curvilinear, indicative of partial competetive inhibition,

(vi)Thermostability of I0AQRY, HYB land YMS 12 at 45°C

The thermostability of soluble 10AORF, HYB 1 and YMS 12
were assessed at 45°C. In each case, the enzyme activites decayed as a single
exponential yielding linear semi-log plots of residual activity against time (fig
4.2.16). At the temperature studied the extended version of h6.1, 10AORF,
was considerably more stable than either of the soluble forms of HYB 1, YMS
12 or h6.1 with a Tg 5 value of >30 minutes. The values calculated for h6.1,
YMS 12 and HYB 1 are shown in table 7.




4.3 Conglusions and Discussion

Analysis of the four human and rat PDE4 genes by Bolger et al
(1993) has further highlighted the complexity of this isoenzyme family. With
relevance to this present study, analysis of the PDE4A gene revealed that 4
product, PDE46, could be transcribed which has been shown since to represent
the full length version of h6.1 described in Chapter 3. PDE46 (Bolger et al
1993) was shown to contain complete ORFs, with stop codons present in all
three reading frames upstream of the putative initiation codon. The isolation of
h6.1 from a human T-lymphocyte cDNA library, initially involved the
identification of two overlapping clones which represented a PDE4 similar to
that isolated by Livi et al (1990), but lacked the first 13 amino acids. These first
13 amino acids of hPDE4A] jyi were engineered onto the sequence of h6.1 to
provide an open reading frame as seen in the Livi et al (1990) clone. Since non-
native amino acids had to be engineered onto the N-terminal region of the
sequence of h6.1 to provide an open reading frame, this indicated that the h6.1
sequence isolated was not complete. In addition, Bolger et al (1993) had shown
that a longer product, PDE46, could be transcribed, Using a similar strategyv to
that which resulted in the isolation of h6.1, Dr Mike Sullivan (Sandoz) isolated
a clone which represented an N-terminally extended version of h6.1. This clone
was named 10AORF, and was found to be an extension of the sequence of h6.1
by ~190 amino acids at the N-terminus. The sequence alignment of PDE46 with
10AORF (fig 4.2.3), shows that 10AORF differs from PDE46 by only a 14
amino acid extension at the N-terminal region.

Originally it was considered (Bolger et al 1993) that the PDE4A
enzyme isolated by Livi et al (1990), hPDE4A] jvi, represented a partial clone
of PDE46 which maintained catalytic activity despite being truncated at the N-
terminus. Sequence alignment of 10AORF, PDE46 and h6.1 (fig 4.2.4) have
shown the complete identity of their internal amino acid sequence apart from the

N-terminal amino acids. The 10AORF enzyme was also shown to be an N-
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terminally extended version of h6.1 (fig 4.2.4). The importance of the identity
of 10AORF and h6.1 with PDEA46, is that it prpvides confirmation that the
sequence of h6.1 is correct. This can be concluded since the amino acid changes
seen in the sequence of hPDE4A]J jvi, were not seen in the sequence of PDE46
isolated by Bolger et al (1993).

Comparison of the sequences of the four human PDE4 genes,
and the PDE4 gene of Drosophila melanogaster (Bolger et al 1993) has
highlighted that the most divergent region found was at the N-terminus. Thus,
the catalytic region of PDE4 genes is conserved between species, however,
flanking sequences have been shown to be different at both the N and C
terminii. Indeed, analysis of the human PDE4 genes and the Drosophila
melanogaster dunc gene (Davis & Davidson 1984), has shown that no
homologous sequences are found either between human genes or the dunc
gene. It is of interest that the marmmalian PDE4 isoforms, and not the dunc
gene product, are inhibited by the characteristic PDE4 inhibitors rolipram and
R(O-20-1724 (Henkle-Tigges & Davis 1989). This may suggest that the N-
terminus of the human PDE4 genes contain the information to allow the
interaction with these inhibitors, since this region was shown to be the most
divergent.

The observation that the mammalian PDE4 isoforms have unique
N and C terminal regions (Bolger et al 1993, Swinnen et al 1989) suggested
that these regions could perform specific functions, such as, affecting catalytic
activity. In order to investigate such roles for the N and C terminii, Dr Mike
Sullivan (Sandoz) constructed a series of truncated forms of h6.1 which were
analysed in this present study. The truncations of h6,1 took the form of an N-
terminal deletion of residues 1 - 172 (YMS10 yeast strain), a deletion at the N-
terminus of residues 1 - 172, and C-terminus of residues 608 - 692 leaving the
basic catalytic domain (YMS11 yeast strain) and a C-terminal deletion of

residues 608 - 692 (YMS12 yeast strain). These truncations are shown
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diagramatically in fig 4.2.1, and their amino acid sequences are shown in the
alignment in fig 4.2.4, The N-terminally extended version of h6.1, 10AORF,
was similarily investigated. In addition, a chimeric PDE4A was constructed to
investigate the function of the N-terminal domain of 2EL (Horton et al 1995).
The chimeric PDE4A was called HYB1, and was constructed by swopping the
unique N-terminal region of 2EL with the corresponding region of h6.1. The
PDE 2EL has been shown by Horton et al (1995) to be a splice variant of the
PDE4A gene. The activity of 2EL could not be examined by expression in a cell
system because it is inactive catalytically. This cétalytic inactivation is due to a
34 bp insert in the presumed catalytic domain, which results in the premature
truncation of the protein sequence. The significance, physiologically, of the
production of catalytically inactive proteins is unknown. Bolger et al (1993)
have isolated a variant of PDE46, called TM3. In this study, Bolger et al (1993)
described TM3 as being a product which is expressed only in yeast, and not
translated as a protein product in human cells. It has been considered by Horton
et al {1995) that the production of non-functional mRNAs, such as 2EL and
TM3, in human cells is a type of safety mechanism used to control the
expression level of functional PDE activity. However, it could be that such
variants influence PDE activity. Here we wanted to know whether 2EL was
inactive due to the 34bp insert, or an inhibitory 5' domain. To test the latter, a
chimera was made of the 5’ domain of 2EL and the complete C-terminal region
of h6.1. Of interest in this present study, was the unique N-terminal region of
2EL which was investigated using the chimeric protein HYB1.

Yeast strains YMS11, YMS12, HYB1 and 10AORF all
expressed activity which was distributed between the pellet and soluble
fractions (table 5). Pelleted h6,1 activity (chapter 3 section 3.2.ii), was shown
not to be affected by either centrifugation or treatment with either high
concentrations of salt or the detergent TX100. It was anticipated that if h6.1 had

a weak interaction with the membrane, then it would be released by

122




recentrifugation. Similarily, if the enzyme was either peripherally bound or an
integral membrane protein, then the activity would have been released by
sodium chloride and TX100 respectively. Irrespective of treatment, the activity
remained in the pellet fraction. The insoluble pellet fraction of each YMS11,
YMS12, HYB1 and 10AORF could be an artifact of the expression in yeast, as
h6.1 expressed in COS-1 cells is exclusively cytosolic (Sullivan et al 1994),
The pellet material could also represent either a sediment of partially broken
cells which settle upon centrifugation, or simply an aggregate of protein,
Comparison of the catalytic activities of YMS11, YMS12,
HYB1 and 10AORF showed that each form hydrolysed cyclic AMP with high
affinity and displayed linear kinetics (figs 4.2.5 - 4.2.8, table 6). Statistical
analysis (table 6) of the Ky values calculated for each enzyme form,
demonstrated that the values were not significantly different from h6.1, with the
exception of 10AORF (p=0.025). YMS11, YMS12, HYB1, 10AORF and h6.1
all share an identical core catalytic region which would explain the observed
similarity in the K. The N-terminally extended version of h6.1, 10AORF,
hydrolysed cyclic AMP with a significantly lower Ky, than that calculated for
h6.1 (table 6). This would suggest that the N-terminal region of 10AORF can
affect substrate hydrolysis. Shakur et al (1995) have previously shown the
regulation of catalytic activity by the N-terminal region of a rat PDE4A enzyme
RD1. In this case, the relative Vimax values calculated for RD1 and the N-
terminally truncated species met26RD1, showed that the extended N-terminal
region of RD1 was inhibitory. Further studies on a splice variant of RDI,
RPDES6 (McPhee et al 1993), in rat brain showed that the alternative splicing of
the N-terminus allows a further attenuation of catalytic activity. Thus, it seems
likely that the difference found in the Ki value between h6.1 and the N-
terminally extended 10AORF is a true observation, considering the evidence

reported for the control of catalysis by the N-terminus of proteins encoded by a

related rat gene. Whether differences in the Vinax values exist between enzymes




reported in this present study remains to be determined. It was an aim of this
study to calculate such values, using an h6.1 antiserum. The h6.1 antiserum
could have been used to immunoprecipitate equal amounts of activity from each
of the yeast strains. Thus, one could define relative Vyax values, and determine
any differences in such, for each yeast strain. This has already been shown for
RD1 expressed in COS-1 cells (Shakur et al 1995), to demonstrate a reduced
Vmax for RD1 as compared to the truncated met26RD1. However, this present
study was unable to determine relative Vmax values for either YMS11, YMS12,
HYBI1, 10AORF or h6.1 due to the inability to produce an h6.1 antisera (Dr
Neil Brown), Despite repeated attempts using several peptides a suitable
antibody could not be produced.

Comparison of the K values calculated for YMS11, YMS12
and HYBI1 showed that there was no significant difference with that of k6.1
(table 6). The Km value calculated for IQAORF was found to be significantly
different from h6.1, which suggests a role for the N-terminally extended region
of 10AORF in catalysis. The next stage in this study was to determine
differences, if any, between the various enzyme forms with respect to the
inhibition by the PDE4 inhibitor rolipram, and thus, elucidate a possible role for
the N and C termini of h6.] in the interaction with inhibitor. In order to do this,
ICs5(0 values were calculated from the dose-response curves to rolipram for each
of the enzyme forms (figs 4.2.9 - 4.2.12). Statistical analysis of these values
(table 6) have shown a significant difference between the IC50 for each enzyme
from h6.1, with the most significant being YMS11, YMS12 and HYB1. This
observation indicates that both the N and C terminii have a role in the interaction
of inhibitor. Of particular importance is the observation that YMS11, which
consists of only the catalytic unit, can still bind and interact with inhibitor
despite the lack of flanking N and C terminal regions. The most profound

difference was shown between the IC5¢ to inhibit 10AORF as compared to

either YMS11, YMS12 or HYB1, where approximately ten fold less inhibitor
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was necessary to inhibit 10AORF. Thus, although the C-terminal region does
play a role in inhibitor interaction, as shown by the elevated IC5() compared to
h6.1 for YMS11 and YMS12, the N-terminus is likely to be more important.

The N-terminus of h6.1, and the extended N-terminus of
10AORF must contain specific information for inhibitor interaction. Removal of
either the C-terminns only (YMS12), or the N and C terminii together
(YMS11), have similar effects with respect to the IC5(, which suggests that
any truncation of the h6.1 sequence disrupts the way in which the protein folds
and orientates for interaction with substrate and inhibitor. 1t is the conclusion of
this study, however, that the N-terminus is more important in these functions.
Evidence to support this is that the extension of the N-terminus of h6.1
enhances catalysis and interaction with inhibitor, where approximately ten fold
less inhibitor is necessary to inhibit substrate hydrolysis of 10AORF than either
of the truncates or HYB1. Additionally, substituition of the N-terminus with a
different sequence (HYB1) from k6.1, causes an increase in the IC5(Q for
rolipram inhibition (table 6). Taken together, this evidence supports a role for -
the N-terminal region in allowing the optimal orientation and conformation
necessary, for catalysis and interaction with inhibitor.

With the observation that 10AORF was more potently inhibited
by rolipram than h6.1 (table 6), the next stage was to investigate whether this
increased sensitivity arose from an alteration in the kinetics of inhibition, As
described in chapter 3, rolipram was shown to be a simple competitive inhibitor
of h6.1. In this chapter a comparitive analysis for rolipram inhibition was
carried out for I0AORF. Linear Lineweaver-Burke (fig. 4.2,13) and Dixon (fig
4.2.14) plots were obtained for 10AORF. Using the Lineweaver-Burke plot
data (fig. 4.2.13), slope replots (4.2.15) were constucted which were shown to
be curvilinear as found with the hPDE4A| jyj enzyme (chapter 3, fig. 3.2.16).
It would seem therefore, that 10AORF is partially competitively inhibited by

rolipram, whereas h6.1 is competitively inhibited. This data would suggest that
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the extended N-terminal domain of 10AQORF, alters the conformation of the
active site 1o allow both substrate and inhibitor to bind at the same time, A
schematic representation of partial competitive inhibition is shown in chapter 3,
fig. 3.2.17.

Measurement of an enzymes thermostability, over a time course,
at a fixed temperature, can provide two important pieces of information. Firstly,
the tg 5 value, that is, the time at which activity decays to half maximal, gives an
indication as to how stable the enzyme is. Therefore, it is possible to determine
if alterations to the enzymg structure, similarily alter enzyme stability. Secondly,
the progress of the time course gives an indication of whether the sample which
is being assayed, consists of a single or mixed population of enzyme. Using
this experimental method the thermostability, at 45°C, was measured for each
10AORF, YMS12 and HYB1. The resultant t 5 values would reveal if changes
to the N-terminal region of h6.1, either the extension of this region (10AORF),
or sequence substituition (HYBI1), affected the thermostability, In addition,
measurement of the thermostability of YMS12 would show if the C-terminal
region had any influence. Shown in figure 4.2.16 are the plots of log
percentage activity versus time for 10AORF, YMS12 and HYB1. Each enzyme
form decayed as a single exponential, thus, the enzyme activity assayed is
represented by a single population. Statistical analysis of this data (table 7} has
shown that the N-terminus of h6.1 has a vital role in stability of the enzyme.
The extension of h6.1 N-terminal region, in 10AORF, increased the
thermostability by more than three fold. This tg 5 value caleulated for 10AORF
was significantly greater than that calculated for h6.1 (p=0.0001 table 7).
Similarily, the domain swop contained within the sequence of HYB1, was
shown to cause a significant reduction in the thermostability of h6.1 activity
(p=0.001 table 7). The truncation of the C-terminal region (YMS12} had the
least significant effect on thermostability (p=0.021 table 7). The extension of

the N-terminal region of h6.1 (10AORF) increased enzyme thermostability,




presumably, by allowing the protein to adopt a conformation in which the
enzyme could resist thermal denaturation, By swopping the N-terminal domain
of 2EL with h6.1 (HYB1), and therefore changing the sequence of the N-
terminal region, the ability to resist thermal denaturation was reduced compared
to h6.1. This loss of thermostability presumably occured, because the protein
could not adopt the same conformation as h6.1 due to N-terminal sequence
differences. Thus, the tg 5 value of HYB1 was reduced significantly lower than
that of h6.1 (p=0.001 table 7). The observation in this study, that protein N-
terminal regions promote stability of enzyme activity is not a novel one. The N-
terminal region of the PDE4A RD1 was shown by Shakur et al (1993) to be
necessary for enzyme stability. The N-terminal truncate met 26RD1 displayed a
to.5 value which was less than that calculated for RD1,

Studies on the rat PDE4A species (McPhee et al 1995, Shakur et
al 1993, 1995) has highlighted the important contributary role of the N-terminal
domain of these enzymes in cell location, thermostability and enzyme activity
(see discussion section chapter 5). As described in chapter S, the N-terminal
domain of the rat enzyme had profound effects on Vimax and thermostability.
By analogy o the rat species, this study has determined an important role of the
N-terminal domain of the human species in thermostability, substrate hydrolysis
and inhibitor interaction. Analysis of the mechanism by which rolipram
inhibited 10AORF has indicated that a change in the enzyme conformation had
occured from that of h6é.1. This change in conformation allowed a switch from
competitive inhibition (h6.1) to partial competitive inhibition (10AQRF).
Evidence in support of a conformational change is provided by the
thermostability data (fig. 4.2.16, table 7). At 45°C, 10AORF was shown to be
significantly more thermostable than hé6.1, which would indicate that a
conformational change had occured.

Originally it was thought that the amino acid differences seen

between hPDE4A] iyi and h6.1 were the cause of the differences in mechanism
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of inhibition by rolipram. However, this study conducted on 10AORF would
dispute this since partial competitive inhibition was seen with rolipram, as per
hPDE4A] jvi- It is the conclusion of this study that a conformational change
occured to the 10AORF enzyme, induced by the N-terminal domain extension.
This could account for the difference in kinetics of rolipram inhibition seen with
h6.1. The reason for kinetic differences, with respect to inhibition by rolipram,
between h6.1 and hPDE4A] jvi remain unclear. However, it is possible that a
modification to hPDE4A] jvi occured during the enzyme preparation.

Future studies are likely to focus on the investigation of h6.1
and 10AORF {n vive. Indeed, studies are necessary to investigate the functions
of the various true splice variants of the human PDE4A gene isolated so far,
such as PDE46, TM3 (Bolger et al 1993), 2EL (Horton et al 1995). It will also
be necessary to establish if a protein of the size of h6.1 is expressed jn vivo.
This would clarify if h6.1 is a true splice variant of the PDE4A gene, as 2EL is,
or simply a truncated protein of the PDE46 sequence. Irrespective of this, h6.1
provides a good model for the pharmacological investigation of PDE4A

selective inhibitors, since its sequence includes the catalytic domain.
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Enzyme Species Specific Activity (pmol/min/mg)
Pellet Soluble
HYBI 1.14 £ 0.3 14104
10AORF 217+ 1.7 157+ 1.8
YMS11 0.43 + 0.1 0.76 + 0.2
YMS12 599+1.2 046+ 0.2

The results are shown as mean * standard deviation for three separate

preparations,




Table 6§  Kme¥elic AMP_gnd [Cso™olipram Data for Soluble
HYB1, YMS11. YMS12 and 16AORYF. in Comparison

with hé.1
Enzyme Species Km cyclic AMP 1C50 rolipram
BM) (uM)

hé.1 4.1+1.7 051 +0.15

HYBI1 2.0410.2 1.93 £ 0.23
(p=0.0001)

10AORF 1.9+0.2 0.19 £ 0.02

(p=0.025) (p=0.004)

YMS11 4.3%1.3 2402
(p=0.0001)

YMS12 5.910.7 1.710.14
{(p=0.0001)

Values are shown as mean + standard deviation for at least three separate

experiments.
Data in parenthesis are significance values calculated using the students t - test.
The significance values were calculated to examine differences between hé.1
and the other enzyme species.

IC5(0 was the concentration which resulted in 50% inhibition of enzyme
activity.
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Enzyme Species Thermostability at 45°C  Significance Value
(t0.5) Students t-test

h6.1 10 minutes

YMSI12 13 minutes p=0.021

10AORF >30 minutes p=0.0001

HYB1 3 minutes p=0.001

Significance values were ¢alculated using the students t -test to compare the
values for HYB1, YMS12 and 10AORF with h6.1.

131




Fig, 4,11 Sc} e Al {of M lian PDE
Isof Famili

This figure diagramatically shows the structural features of mammalian PDE
isoforms. (Beavo & Reifsnyder 1990).
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Fig. 4.1.2 Alignment of Human and Rat PRDE4 mRNA

Shown is the schematic representation of the four human and rat PDE4
mRNA's, at the top and bottom respectively. Common sequences are shown by
heavy merged lines. Areas of unigue sequence which are conserved between

human and rats, and are unique to any PDE4 subtype are shown by the thin

cross hatched lines. Thin solid lines indicate variant sequence which is not

conserved between human and rat. Triangles in the rat clones show variants
lacking a block of sequence as compared to other transcripts from the same
locus. Initiation codons are shown by small boxes and termination codons by *,
Vertical dashed lines show splice points that occur in homologous positions in
clones from different loci. Roman numerals show various alternative spliced
isoforms from the dunc locus.

(Bolger et al 1993),
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he.l

Shown diagramatically are the truncations made to the sequence of h6.1 to
obtain YMS10, YMS11 and YMS12.
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hé. 1

Met (Zlu < Glu Thriktop
1 168 601 BES
YMS10
Met/ Glu Glu ThriStop
168 601 688
YMS11
Met!Glu Glu Thr/8iop
168 501 535
YMS12
hdet Glu GlulStop
1 168 501



Fig. 4.2.2 Alignmeni of the Sequences of h6.1, HYB]
and 2EL

Sequence alignments were made using the Gene Jockey programme, and were

aligned to the sequence of h6.1. The amino acids of h6.1 which are different to
that of hPDE4A] jyi are shown boxed.
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Contigt# 1 B
h6.1 aa ORF engineered MCPFPVTTVPLGGPTPVCKATLSEETCOOLARETLEELDWCLEQLETMOTYRSVEE
HYB 1 pep sandoz . .
2EL peptide

60 70 &0 9C 100 - 120
1 I | | | f
Contigh 1
hé.l aa ORF engineered MASHKFKRMINRELTHLSEMSRSCHNQVSEYISTTFLDKONEVEIPSPTMEKEREROQ *
HYB 1 pep sandoz
2EL peptide

120 130 140 150 160
I I [ i { :
Contig# 1 » es
h6.: aa ORF engineered APRPRPSQPPPPPVPHLQPMSQITGLKKLMHSNSLNNSNIPRFGVKTDQEELLAQEE
HYE 1 pep sandoz MVL?SDQGEKLLGNVLQGPEPYRLLTSGLRLHQE*
2EL peptide MV PEDOGHFKLLGNVLDGPEPYRLLTSGLRLHQE" -
170 18C 190 200 210 220

j | J I i |

Contig# 1 . R A N AP NI NP PP PSSR IR PRORT IR BONIEOAERIEEEPEPANOEIOIBOERRS

h&6.1 aa ORF engineerad DLENLNKWGLNIFCVSDYAGCRSLICIMYMIFQERDLLEKKFRIPVDTMVTYMLITED

HYE 1 pep sandoz LENLNEWGLNIFCVSDYAGGRSLTCIMYMIFQERDLLKKFRIPVDTMVTYMLTLED *
2EL peptide LENLNKWGLNIFCVSDYAGGRSLTCIMYMIFOERDLLRKFRI PVDTMV T YMLTLED -

230 240 250 260 270 280
| | | | |

Contig# 1 E TRt e At AR RN e E It TPIPEEEEIIIIIOIOIADRTOUDAROBEBEARTOEERSTY

h6.1 aa ORF engineered HYHADVAYHNSLHAADVLQSTHVLLATPALDAVFTDLEILAALFAAAIHDVDH?GV;

HYB 1 pep sandoz HYHADVAYHNSLHAADVLQSTHVLLATPALRDAVE TDLEILAALFAAATHDVDHPGY
2EL peptide HYHADVAYHNSLBAADVLQSTHVLLATPALDAVETDLEILAALFAAATHDVDHPGY -
29C 300 310 320 330
I I ! I I
Contig‘# 1 P B e E e PP IIAELPEOIINIICICEAIP RIS ENCOROdGELOPESIEITRTIE
h6.1 aa ORF engineered SNQFLZNTNSELALMYNDESVLENHHLAVGFKLLQEE?K&EFQNLSKRQRQSLRKM,
HYB 1 pep sandoz SNOFLINTNSELALMYNDESVLENHHLAVGFKLLOEONCDIFONLSKROROSLRKIE. -
2EL peptide SNQFLINTNSELALMYNDESVLENHHLAVGFKLLOEDNCDIFQNLSKROROSTLRKM
340 350G 360 370G 380 380

! ! I I | |

COIltJI.g# l P AT UR B ET IV SLIV P AN EPDQRIIT AT RO NOT T FRITPONUNCETRNSOOPORTOINSG &

h6.1 aa ORF engineered VIDMVLATDMSKEMTLLADLKTMVETKKVTSSGVLLLDNYSDRIQVLRNMYECADL

IYB 1 pep sandoz VIDMVLATDMSKEMTLLADLKTMVETRKKVTSSGVLLLDNY SDRIQVLRNMVHCAD;
2EL peptide VIDMYLATDMSKEMTLLADLX TMVETKEVTSSGVLLLDNYSDR IQVLRNMVHCADL |
400 410 420 430 440
! [ i | i
Contig'.ﬁ. 1 L A A R N N N R R R R AR N
hé.. aa ORF engineered SNPTKPLELYRQWTDRIMAEFFQQOGDRERERGMEISPMCDKHTASVEKSQVGEILY
IIYB 1 pep sandoz SNPTKPLELYRQWTDRIMABFFOQGDRERERCME T SPMCDKHTASVERSQVGFID!
2EL peptide SNPTKPLELYRQWTDR IMAEF FQOGDRERIRGMET SPMCDKHTASVEKSQVQARGT -
450 460 470 480 430 500
i i I I f i
Contigh 1
h6.1 aa ORF engineered IVHPLWETWADLVHPDAQEILLTLEDNRDWYYSAIRQSPSPEPEEESRGPGHPPL
HYR 1 pep sandoz IVHPLWETWADLVHPDAQE LLDTLEDNRDWYYSAIRQOSPSPZPEEESRGFPGHPPL
2EL peptide DGRAQGGFY
510 520 530 540 550 SGOI
| | I | | |-
Contig# 1 .
hé.. aa ORF engineered DKFQFELTLEEEEEREIJMAQIHCTAQRALTEQGLEGVEEALDATIANEASPAQES
HYB 1 pep sandoz DKFQFELTLEREEEEEISMAQT PCTAQEAL TEQGLAGVEEALDAT IAWEASPAQE

2EL peptide




Contig# 1

E6.1 aa ORF engineered
EY3 1 pep sandoz

2EL peptide

Contig# 1

h6.1 aa ORF engineered
HYB 1 pep sandoz

2EL peptide

Contig# -

hé6.1 aa ORF engineered
HYE 1 pep sandoz

2EL peptide

570 580 590 50C 610
| I ! | I

LEVMAQEASLEAELEAVYLTOOAQSTGHHPVAPDEFJgREEFVVAVSHSSPSALAL
LEVMAQFASLEAELEAVYLTOOAQSTGSAPVAPDEFSSREEFVVAVSHSS PSALAL

620 630 640 650 660 670
I I 5 t ]
QSPLLPAWRTLSVSEHAPGLPGLEPSTAAEVEAQREHOAAKRACSACAGTFGEDTSA
QSFLLPAWRTLSVSEHAPGLPGLPSTAAEVEAQREHOAAKRACSACAGTFGEDTSA.
680
i

LPAPGEGGSGGDPT
LPAPGGGGSGGDPT




Fig. 4.2.3 Alignment of the Sequences of 10AORF and
PDE46

Sequence alignments were madeé using the Gene Jockey programme, and were
aligned to the sequence of PDEAS (top sequence).
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Fig. 4.2.4 Alignment of the Sequences of h6.1. HYBI,
2EL, YMS10, YMSI1, YMS12, 10AORF and
PDE46

Sequence alignments were made using the Gene Jockey programme, and were

aligned to the sequence of PDE46. The amino acids of h6.1 which are different
to that of hPDE4AY] 3vi are shown boxed.




Contigi 1

hé.1 aa ORF engineered
HYB 1 pep sandoz
YMS11/PEPTIDE

HPDE46 . PEP MEPPTVPSERSLSLSLPGPRECOATLKPPPCHLWRQPRTPIRTQCRGYSDSARRAE
YMS12 '
YMS10/PEPTIDE
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HYB 1 pep sandoz
YMS11/PEPTIDE .
HPD=46 . PEP GPTPSPGRSPLDSQAS PGLVLHAGAATSORRESFLYRSDSDYDMSEKTMSRNSS VT
YMS12
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h6.L aa ORF engineered MVLPSDQCCPFPVITVPLGGPTPVCKATLISE:
HYB 1 pep sandoz )
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Contig# 1 .
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HYB 1 pep sandoz

YMS11/P=PTIDE .
HPDE46 , PEP ETCQCLARETLEELDWC_EQLETMOTYRSVSEMASHKFKRMLNRELTHLSEMSRS
YMS12 ETCQQLARETL EELDWCLEQLETMOTYRSVSEMASHKFKRMLNRELTHLSEMSRS
YMSL0/PEPTIDE
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! | | | |
Contig# 1

h6.1 aa ORF engineered NQVSEYISTTFLDKQNEVEIPSPTMREREKQQAPRPRPSQPPPPPVPHLOFPMSQIL
EY3 1 pep sandoz

YMS11/PEPTIDE
HPDE45 . PEP NQVSEYISTTFLDKONEVEIPSPTMKEREKQQAPRPRPSOPPPPPVPHLOPMSOT
¥YMS12 NQVSEYISTTFLDRQNEVEI PSPTMKEREKQQAPRPRPSQPPPPPVPELQEMSQT
YMS10/PEPTIDE i e
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| | | ! ! |

Contlg# 1 .'-"--"v-vv--t.oooot&oﬂ
h6.1 aa ORF engineered GLKKLMHSNSLNNSNIPRFGVKTIDQEELLAQELENLNKWGLNI=CVSDYAGGRSLT.
HYB 1 pep sandoz MFKLLGNVLCGPEPYRLLTSGLRLHOELENLNKWGLNT FCVSDYAGGRSY
YM311l/PEFTIDE MELENLNKWGLNIFCVSDYAGGRSL
HPDE46 . PEP GLEKXLMHSNSLNNSNI PRFGVKTDQEELLAQELENLNKWGLNIFCVSDYAGGR
YMS12 GLEKXLMHSNSLNNSNI PRFGVKTIQEELLAQELENLNRKWCLNTFCVSDYAGGRSLT,

YMS10/PEPTIDE MELENLNKWGLNIFCVSDYAGGRSE'
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HYB 1 pep sandoz
YMS11/PESTIDE
HPDE46 . PEF

YMS12

YME10/PEPTIDE

Contig# 1

h6.1 aa ORF engineered
HYB 1 pep sandoz
YMS11l/FPEPTIDE
HPFDEA6 . PEP

YMS12

YMS10Q/PEPTIDE

Contig# 1

hé.1 aa ORF engineered
HYB 1 pzp sandoz
YMS11/PEPTIDE
HPDE46 . PEP

YMS512

YMS10/PEPTIDE

Contig# 1

hé.1 aa ORF engineered
EY3 1 pep sandoz
¥MSL1/PEPTIDE
HEDE46 . PEP

YMS12

¥YMS10/PEPTIDE

Contig# 1

h6.1 aa ORF engineered
HYE 1 pep sandoz
YMS11/PEPTILE
HPDEA4G ., PEP

YMS12

YMS10/PEFPTIDE

Contig# 1
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HYB 1 pep sandoz
YMS11/PEPTIDE
HPDE46 . PEP

YMS12

YMS10/PEEFTIDE

Contig# -

hé.1 aa ORF engineered
YR 1 pep sandoz
YMS11/PEFTIDE
AdPDE46 . PE?

YMEL2

¥MS10/PEPTIDE
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CIMYMIFQERDLLKKFRIPVDTMYTYMLTLEDHYEADVAY NS LHAADVLOS THYL,
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CIMYMIFQERDLLKKFRIPVDTMVTYML TLEDHYHADVAYHNSLAAADVL.OSTHVL.
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LATPAYLDAVF TDLEILAALFAAATHDV OHPGV SNOF LINTNSELALMYNDESVLEN:
LATPALDAVFTOLEILAASFAAATHLVOHPGVSNOFLINTNSELALMYNDESVLEN
LATPALDAVFTOLEILAATFAAATHOVDHPGVSNQFLINTNSELALMYNDESVLEN:
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HHLAVGFRLLQEDNCDIFONLSKRQROSLRKMV IDMVLATDMSKHMTLLADL K TMV
HHLAVGFKLLOEDNCDIFONLSKRORQSLRKMY I DMVLATEMSKHMTLLADLKTMY
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ETKKVTSSCGVLLLDNYSDRIQVLANMVHCADLSNPTKPLELYRQWTDRIMAEFFQQ -
ETXREVTS SGVLLLDNY SDRIQVLRNMVHCADL SNPTKPLELY ROWIDRTMABRFFQQ
ETRRVTSSGVLLLDNY SDRIQVLRNMVHCADLSNPTKPLELYROWTDRIMAERFCO .
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GDRERERCMEZISPMCDKHTASVEKSQVGFIDY IVHPLWETWADLVHPDAQEILDTL,
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Fig. 4.2.5 Determination of Km_c¥elic AMP_For Soluble
10AQRE

Lineweaver-Burke plot was constructed by the measurement of soluble
10AOREF activity in the presence of increasing cyclic AMP concentrations.
Activity was linear over the ranges of cyclic AMP shown. Km values were
calculated using the Ultrafit programme as described in results, and the data is
shown in table 6.

This experiment is representative of one carried out at least three times.
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Fig. 4.2.6 Determination of Km.cyclic AMP_For Soluble
HYB1

Lineweaver-Burke plot was constructed by the measurement of soluble ITYB1
activity in the presence of increasing cyclic AMP concentrations. Activity was
linear over the ranges of cyclic AMP shown. Km values were calculated using
the Ultrafit programme as described in results, and the data is shown in table 6.
This experiment is representative of one carried out at least three times.
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Fig. 4.2.7 Determination of Km_cvelic AMP_For Soluble
YMSI1]

Lineweaver-Burke plot was constructed by the measurement of soluble YMS11
activity in the presence of increasing cyclic AMP concentrations. Activity was
linear over the ranges of cyclic AMP shown. Ky values were calculated using
the Ultrafit programme as described in results, and the data is shown in table 6.
This experiment is representative of one carried out at least three times.
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Fig, 4.2.8 Defermination of Km cyelic AMP_For Soluble
YMS12

Lineweaver-Burke plot was constructed by the measurement of soluble YMS12
activity in the presence of increasing cyclic AMP concentrations. Activity was
linear over the ranges of cyclic AMP shown. Ky, values were calculated using
the Ultrafit programme as described in results, and the data is shown in tuble 6.
'This experiment is representative of one carried out at least three times.
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JOAQRF

Soluble 10AORF activity was measured at a fixed concentration of cyclic AMP
(3uM), which approximated that of the Ky, in the presence of increasing
rolipram concentration. The resultant IC50 value is given in table 6.
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Fig, 4.2.10 Dose-Response to Rolipram of Soluble
HYB]

Soluble HYB1 activity was measured at a fixed concentration of cyclic AMP
(3uM), which approximated that of the Km, in the presence of increasing
rolipram concentration. The resultant 1C5() value 1s given in table 6,
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YMS11

Soluble YMS11 activity was measured at a fixed concentration of ¢yclic AMP
(3uM), which approximated that of the Ky, in the presence of increasing
rolipram concentration. The resultant IC5( value is given in table 6.
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YMS12

Soluble YMS12 activity was measured at a fixed concentration of cyclic AMP
(3uM), which approximated that of the Km, in the presence of increasing
rolipram concentration. The resultant IC5() value is given in table 6,

145




120 4

100

80 +

Bupuewiny Kamoy %

20 4

-6.3

-7.3

Log [Rolipram] M




Fig. 42,13 Kipnetics of Rolipram Inhibition of Soluble
10AORE

Soluble 10AORF activity was measured over the range of 1 - 20uM cyclic AMP
in the presence of increasing concentration of rolipram, This experiment is
representative of one done at least three times.
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Fig. 4.2.14 Dixon Renlot of Roli Inhibition of Solybl
10AORF

Data is shown as the reciprocal of activity versus increasing concentration of
rolipram (Dixon and Webb 1979). This experiment is representative of one
done at least three times.
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Fig, 4.2.15 Slepe Replot of Rolipram Inhibition of Solubl
10AORF

Data is shown as the slope replot of activity versus incréasing concentration of
rolipram. This experiment is representative of one done at least three times.
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Fig..4.2.16 Thermostahility of Scluble 10AORF, HYBT
and YMSI2 at 45°C

Thermostability of 10AORF, HYB1 and YMS12 was measured at 45°C. The
resulatant tg s values are shown in table 7.
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Results - Chapters

Analysis of Rat PDE4A RD1




5.1 Introduction

Dunc wmutants of Drosophilg melanogaster carry a genetic
mutation at the chromomere region 3D3 - 3D4 and display particular phenotypic
characteristics which include leamning difficultics (Byres et al 1981), and both
femate (Mohler 1973, 1977) and male (Kiger 1977) infertility. The phenotype
of dunc mutants is the result of abnormal cyclic AMP metabolism, due to a
genetic mutation of the dunc gene. Isolation of the dunc gene (Davis &
Davidson 1984) and the subsequent biochemical, genetic and molecular analysis
(Byres et al 1981, Davis & Kiger 1981, Chen et al 1986) have shown that it
encodes a cyclic AMP specific PDE.

Given the importance of the dunce gene in Drosophiig
melgnogaster it was considered whether the gene was structurally and
functionally conserved in mammals. Using a probe representing dunc, Davis et
al (1989), screened a variety of genomic ¢DNA libraries, including rat, which
led to the isolation of the rat dunc -1 gene. A fragment of the rat dunc -1
genomic clone, which had a high degree o.f homology to the Drosophila
melanogaster dunc gene, was used to probe a rat brain cDNA library. From
this screen, three clones RD1, RD2 and RD3 were isolated. RD1 was shown to
be the largest clone, with a complete ORF encoding a protein of some 610
amino acids and predicted molecular weight of 68kDa. The RD2 and RD3
clones were smaller, with truncations at the 3' end. However, the isolation of
RD2 and RD3 suggested that RD1 may be alternatively spliced {n vive and that
RD1 may not reflect a full length PDE, The pattern of tissue expression of RD1
was also analysed (Davis et al 1989). The major RNA transcripts detected in the
whole rat brain and cerebellum were of a different size (4kb) to that detected in
heart, lung and testes (4.4 kb), suggesting different levels of control of RD1
mRNA transcription in different tissues. However, it was found that mRNA for

RD1 occured predominantly in the brain.
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The amino acid sequence of RDI was found to be 76%
homologous to the dunc gene product within a conserved region suggested to
contain the catalytic domain (Charbonnean et al 1986), although limited
sequence similarity was seen outside of this region. Expression of RD1 in yeast
(Henkel-Tigges & Davis 1989) allowed the characterisation of the enzyme, with
respect to both inhibitor sensitivity and substrate specificity. RD1 was shown to
hydrolyse cyclic AMP specifically with a Ky of ~ 4UM, It was also highly
sensitive to inhibition by the compounds rolipram and RO-20-1724, with IC50
values of 0.7 and 4.2uM respectively. The inhibition of the cyclic AMP
hydrolysing activity of RD1 by rolipram was the factor which distinguished the
mammalian enzyme from the Drgsophila melanogaster dunc gene product,
Therefore, the sequences outwith the homologous region of RD1 may allow for
the interaction of PDEA4 inhibitors. Rolipram, on the basis of studies done on
RD1, was suggested as being selective for this group of cyclic AMP specific
PDEs now known as the PDE4 family.

It is intriguing that dunc mutants lacking the gene which
encodes a cyclic AMP specific PDE exhibit a learning and memory defect in
Drosophile melanogaster (Dudai 1983) whereas, in humans the PDE4 inhibitor
rolipram has anti-depressant propertics (Watchel et al 1983). In addition,
Nighorn et al (1991) found that the dunc PDE was concentrated in a brain area
in the rat, which has been associated with the processes of learning and
Memory.

RD1 activity has been analysed upon its expression in COS-1
cells transfected with the recombinant vector pSVL-RD1 (Shakur et al 1993).
Isolation of RNA from pSVL-RD1 transfected COS-1 cells and hybridisation
with a 32P-labelled RD1 cDNA, revealed a band of 3.1kb. Translation of RD1
mRNA jn vitro revealed a 68kDa product. Membranes of COS-1 cells
transfected with pSVL-RD1 expressed ~75% of the total RD1 activity, with the

remainder being found in the cytosol. Engineered deletion of the first 25 N-
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terminal amino acids of RD1, yielded a truncated enzyme which was called
met26RD1. In COS-1 cells transfected with pSVL-met26RD 1, this truncated
PDE activity was found as an active species located exclusively in the cytosolic
fraction. Subcellular fractionation studies of COS-1 cell membranes showed
that RD1 primarily associated with the plasma membrane, but with a fraction
which occured associated with the golgi. This was confirmed with confocal
microscopy studies (Shakur et al (1995). RD1 did not behave as a peripheral
membrane protein, but required detergent such as TX-100, to solubilise
activity, However, unlike integral membrane proteins there was no evidence for
a transmembrane domain. This suggested that it bound to the membrane
through some other action. One suggestion made, was that the attachment of
RD1! to the membrane might be through the acylation of the N-terminal
cysteines found in the 1 - 25 amino acid domain. Recent evidence (McPhee et al
1995) has shown that the 'cytosolic RD1' activity found in COS-1 cells (Shakur
et al 1993) was actually the N-terminally truncated protein mer26RD1.
Expression of met26RD1 resulted from the positioning of the met26 residue of
RD1 within a suboptimal Kozak sequence. As such, in systems like COS-1
cells, products could be formed from initiation of the sequence at the me(26
residue. A soluble RD1 activity is unlikely to exist in_vivg , since soluble
activity could not be immunoprecipitated from rat cerebellum homogenates
(McPhee et al 1995).

Sequence comparison of RID1 with the Drosophila melanogaster
dunc PDE, and another PDE4 species from the rat called the DPD enzyme
(Collicelli et al 1989), shows that they share homology over a central domain
containing the catalytic region. However, the N and C terminal regions were
shown to be distinctly heterologous (Davis 1990). It was thought, therefore,
that the N-terminal region of RD1{ might perform a specific function, RD1 and
met2SRD1 shared similar properties regarding substrate specificity and inhibitor

sensitivity (Shakur et al 1993). However, thermostability studies revealed that,




at 50°C, membrane-associated RD1 was more thermostable than either
met26RD1 or the membrane-associated activity which had been solubilised.
Therefore, the N-terminal domain contains information to locate RD1 to the
membrane, which allows the protein to adopt a conformation which increases
its thermostability. This N-terminal domain also confers an inhibitory effect on
catalytic activity (Shakur et al 1995). The truncate, met26RD1, had a Vmax
value for cyclic AMP hydrolysis which was two fold greater than that for RD1.
The unique N-terminal region of RD1 not only determines the location of RD1
within the cell, but also has a regulatory effect on the catalytic activity,

Northern blot analysis of various rat tissues revealed that RD1
transcripts were found predominantly in the brain (Davis et al 1989, 1991). It
was an objective of this study to determine if a PDE species of the molecular
weight of RD1 was indeed expressed in brain, and to determine the properties
that it had, In order to address these questions, this study focused the analysis
on a specific membrane region, the cerebellum. In particular, it was investigated
as to whether RD1, if it was expressed, was associated with nerve terminalg
where the receptor / adenylyl cyclase system occured. In the mammalian CNS
the role of cyclic AMP is less well characterised. However, it has been
associated with the processes of neurotransmission by virtue of its synaptic
localisation {Therien and Mushynski 1979) and in mood regulation (Schneider
et al 1986). To look at the role of RID1, the use of rat cerebellum synaptosomes
were employed.

Neurones, and their support cells glia, do not survive the
process of homogenisation intact. Homogenisation causes the cell bodies to
become disassociated from the nerve endings. Synaptosomes form when the
pbst-synaptic cells and pre-synaptic membrane reseal to form osmotically agtivc
particles (Dunkley et al 1988). This process of resealing entraps organelles of
the synapse (fig 5.1.1), including post-synaptic dengities, synaptic vesicles,

mitochondria and cytoplasmic enzymes such as lactate dehydrogenase, to form
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metabolically active synaptosomes (Gordon-Weeks). Synaptosome preparations
were originally described using rat brain (Gray & Whittaker 1962, DeRobertis
et al 1962). The subcellular fractions which are enriched in synaptosomes, such
as synaptic vesicles, have been used to study aspects of synaptic function, for
example, neurotransmitter release of acetylcholine (Thorne et al 1991),
Availability of antisera to RD1 enabled the study of the enzyme
in rat brain. In particular, to study whether RD1 was indeed expressed, and if
s0, determination of its location. This was done with the original intention of
extending the study to human tissue had a suitable PDE4A antibody been
forthcoming. This proved not to be the case at the time of this study. This
chapter describes work carried out on a rat PDE4A species, with the purpose of
investigating the distribuition between the membrane and soluble fractions of
the rat cerebellum, and to determine whether the RD1 activity expressed jn vive
was of similar molecular weight as found with pSVL-RD]1 transfected COS-1
“cells. This work was enabled using an antiserumn directed against a decapeptide

sequence found in the C-terminal region of RD1,




5.2 Results

(i)Preparation and Identification of Synaptosomes From Rat

Cerebellum

Rat cerebellum synaptosomes were prepared according to the
method described in Dunkley et ai (1988) and Thorne et al (1991). Briefly, a
post-nuclear supernatant (S1), which was obtained from the centrifugation
(1000g x 10min) of a homogenate of rat cerebellum tissue, was loaded onto
percoll / sucrose step gradients. After centrifugation of the gradients, as per
Dunkley et a! (1988), the material that collected at the four interfaces (F1 - F4
inclusive), plus the pellet fraction F5, were carefully removed using a Pasteur
pippette. After the washing procedure, as described by Dunkley et al {1988),
each of the fractions were analysed for occluded lactate dehydrogenase (LDH)
activity (Johnson 1960, modified by Marchbanks 1967). Measurement of
occluded LLDH, a cytoplasmic enzymne, determines the integrity of the
synaptosomes and also provides a means to assess the reproducability of
synaptosome preparation between experiments. Non-occluded LDH activity
was assessed, initially, and occluded activity was measured by the addition of
Triton X-100 (2%) which resulted in synaptosome rupture. By subtracting the
LDH activity prior to the addition of TX-100, from that obtained after the
addition of TX-100, the amount of occluded activity could be calculated.

The disribution of LDH activity across the gradient obtained in
this study (fig 5.2.2, table 8), resembled that obtained by Thorne et al (1991)
(fig 5.2.3), with the exception of the F1 fraction. The F1 fraction was
suggested by Dunkley et al (1988) to contain contaminating synaptic
membranes as opposed to functional synaptosomes. It could be the case, in this
study, that the vesicles found in the F1 fraction, and which gave rise to the
elevated occluded LDH activity, were derived simply from membrane fractions

which had resealed and were not functional synaptosomes as found in fractions




F2 and F3 (fig 5.2.2). The distribution of occluded LDH activity across the rest
of the gradient was comparable to that of Thome et al (1991) (fig 5.2.3).

The fractions collected, F1 - F5, have been characterised by
Thorne et al (1991) and Dunkley et al (1988) by the presence of marker
enzymes. Synapsin 1, 4 nerve terminal phosphoprotein which is predominantly
found associated with synaptic vesicles (DeCamilli et al 1983), was present in
fractions F2 - F4 predominantly. The F5 fraction was characterised as that
which mainly contained mitochondria, by the abundance of the marker enzyme
pyruvate dehydrogenase (Dunkley et al 1988), and the absence of LDH activity
(Thorne et al 1991). In addition, Dunkley et al (1988) have described that this
method of synaptosome preparation allowed the separation of synaptosomes
with post-synaptic densities attached. Thorne et al (1991) have characterised the
fractions further by the distribution of the cholinergic marker
acetylcholinesterase, which terminates the action of the neurotransmister
acetylcholine. The distribution of acetylcholinesterase activity obtained by
Thorne et al (1991) (fig 5.2.5) was similar to that obtained in this study from rat
cerebellum (fig 5.2.4). The similarity of the distribution of marker enzymes,
LDH and acetylcholinesterase, suggest that the fractions obtained in this study

are comparable to that by Thorne et al (1991) and Dunkley et al (1988).

(YWestern Blot Analysis of RD1 in Rat Cerebellum
§ynaptosome§

Using the anti - RD1 antiserum, the fractions obtained from the
gradient used to separate rat cerebellum synaptosomes, including the original
post-nuclear supernatant applied to the gradient, were immunoblotted for RD1.
The RD1 antisera identified a single band of molecular weight 73 £ 3kDa. This
molecular weight was higher than that determined from the cDNA sequence
(~68kDa). However, Shakur et al (1995) have determined that the RD1
immunoreactivity from cerebellum membranes migrated with RD1

immunoreactivity obtained from COS-1 cells transfected with the RD1 ¢cDNA
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{fig 1a of Shakur et al 1995). In addition, the RD1 immunareactivity found in
cercbellum was predominantly membrane associated (92 * 3%) (Shakur et al
1995), as was the RD1 activity expressed in COS-1 cells (~75%}) (Shakur et al
1993).

Densitometric analysis of the distribution of RDI
immuhoreactivity in samples from the gradient used to isolate rat cerebellum
synaptosomes in this study, showed that RD1 was present to a greater degree in
the F2 and F3 fractions (fig. 5.2.6). RD1 was found, to a lesser extent, in the
F1 and F4 fractions. In the mitochondrial fraction F5, negligable
immunoreactivity was detected.

iii)Subfractionation of the F2 and F3 Synaptosome Gradient

Fractions

The fractions from the synaptosome gradient which were
enriched in RD1 immunoreactivity, F2 and F3, were pooled, lysed and
fractionated further on a sucrose density gradient to resolve different membrane
populations as described by Shakur et al (1993). The lysate was centrifuged
(2000rpm x 5min) to obtain a post-nuclear supernatant which was then applied
onto the top of a sucrose step gradient. The step gradient consisted of a step of
0.5M sucrose (3ml) layered onto a step of 1.6M sucrose (Iml). After
centrifugation (50,000rpm x 30min), the membranes were harvested from the
0.5 / 1.6M sucrose interface. The membrane fraction (~200ul was
supplemented with solid sucrose to give a concentration of >1.6M, which has
an equivalent refractive index of >4.5. The membrane fraction was then loaded
under a 0.6 - 1.6M sucrose continuous gradient and centrifuged (50,000rpm x
18hours). Samples were then removed from the gradient in 200u] aliquots
using a peristaltic pump.

(iv)Assay of Subcellular Fractionation Samples for 5'

Nucleotidase and Adenvly Cyclase Activity




Samples were collected from the subfractionation gradient as
described above (section (iii), and assayed for the plasma membrane markers 5'
nucleotidase as described by Newby et al (1975), (fig 5.2.7) and adenylyl
cyclase as described by Houslay et al (1986) (fig 5.2.8). The distribution of the
plasma membrane markers were similar across the gradient, Samples of similar
5' nucleotidase activity were pooled to provide enough protein for western
blotting with the RD1 C-terminal antisera.
vIWestern Blot of lular Fractionation Samples with RD1
Antisera
Densitometric analysié of the western blot of samples from the
subcellular fractionation described above (section (iii), probed with the RD1
antisera, has shown that the peak of RD1 immunoreactivity correlated with the
peak of 5' nucleotidase activity (fig 5.2.9). This suggests that jn vive , RD1
activity is associated with the plasma membrane. Association of RD1 with the
plasma membrane has previously been shown by Shakur et al (1993) for COS-
1 cells transfected with RD1 ¢cDNA., Furthermore, the RD1 activity expressed in
COS-1 cells is identical in molecular weight to that detected in membranes

prepared from rat cerebellum (section (ii) above).
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5.3 Conclusions and Discussion

‘Using a probe representing the Drosophila melancgaster dunc
gene, Davis et al (1989) isolated the rat dunc -1 gene from a-rat genomic cDNA
library. A fragment of the rat dunc -1 genomic clone, which had a high degree
of homology to the Drosophilu melanogaster. dunc gene, was used to probe a
rat brain cDNA library. From this screen, three clones RD1, RD2 and RD3
were isolated. RD1 was shown to be the largest clone, with a complete ORF
encoding a protein of 610 amino acids and predicted molecular weight of
68kDa.

Shakur et al (1993) have demonstrated that upon expression in
COS-1 cells, the RD1 ¢cDNA encodes a protein of the PDE4A class which is
predominantly associated with the membrane fraction, in particular the plasma
membrane. Membrane association was shown to be dependant upon the
presence of the first N-terminal 25 amino acids, since the truncated metZ6RD1
lacking these amino acids was exclusively cytosolic. This N-terminal region
was also shown to confer thermostability (Shakur et al 1993) as well as the
inhibition of catalytic activity (Shakur et al 1995), in addition to determining the
cellular location of the enzyme.

The major RD1 RNA transcripts which were originally detected
in the whole rat brain and cerebellum which were of a different size (4kb) from
those detected in heart, lung and testes (4.4kb) (Davis et al 1989). This
suggested that different levels of control of PDE4A mRNA transcription was
occuring in different tissues. However, it was found that RD1 mRNA
transcripts were predominantly located in the brain (Davis et al 1989). Thus,
although the mRNA data indicated the presence of RD1 in rat brain, it was
unknown as to whether an RD1 PDE was actually expressed in such tissues,
and to which cellular location the enzyme was targeted.

Shakur et al (1995) have addressed this question, and have

investigated the RD1 activity which is expressed in the cerebellum of the rat




brain. Using a C-terminal antisera to RDI, rat cerebellum homogenate, high
speed pellet and membrane free cytosol fractions were probed with the
antibody. Approximately 92% of the total RD1 immunoreactivity was found to
be associated predominantly with the high speed membrane fraction. This
correlated with the data obtained from the study with RD1 expressed in COS-1
cells, which showed that ~75% of the RD1 activity associated with the
membrane fraction. The difference between the percentage of RD1 activity
bound to COS-1 cell membranes and cerebelium membrancs, might reflect
differences in the availability of membrane attachment sites in foreign host cells,
as opposed to that found jn viva .

Although RD1 was found associated with the membrane fraction
upon expression of the RD1 ¢cDNA in COS-1 cells, the truncated RD1 species
met26RD1, was found to be an exclusively cytosolic enzyme (Shakur et al
1993). RD1 and met26RD1 were found to be essentially the same with respect
to kinetics of cyclic AMP hydrolysis and inhibitor profile. The existence of
kinetically similar membrane / cytosolic associated enzymes has already been
reported for other cyclic AMP PDEs, The rat liver 'dense - vesicle', cyclic GMP
inhibited PDE, is found both as an integral membrane protein (Pyne et al
1987a), and a kinetically similar soluble enzyme released upon 'hypotonic
shock' of hepatocytes (Loten et al 1978). The purified enzyme (Pyne et al
1987a) was shown to have a native molecular weight of 62kDa, 5kDa of which
behaved as a membrane anchor and was proteolytically cleaved upon
purification. The particulate form, from hepatocyte membranes, was also
shown 1o be a substrate for phosphorylation by PKA (Kilgour et al 1989).
Similarily, two closely related but distinct PDE2 isoforms have been identified
and purified to apparent homogeneity in rat liver (Pyne et al 1986). Both
enzymes were shown to possess similar physical properties, such as, they were
of a dimeric form with molecular weight of 134kDa. One isoform was found to

be an integral membrane protein found associated with the plasma membrane,
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and the other was located to the cytosolic fraction. The two isoforms could be
differentially regulated by cyclic GMP, in that, at low cyclic AMP
concentrations cyclic GMP was a more potent activator of the particulate
enzyme. In rabbit ventricular myocardium particulate and soluble PDE3
isoforms have been identified, with the sarcoplasmic reticulum particulate
enzyme more sensitive to inhibition by the inhibitor milrinone (Kithas et al
1988). The partitioning of kinetically similar enzymes to membrane / cytosol
compartments, allows the control of the concentration of specific pools of cyclic
AMP. In addition, these membrane / cytosol isoforms can be differentially
regulated by cyclic GMP (Pyne et al 1986) and PKA (Kilgour et al 1989), and
show differences in the potency at which they are inhibited by isoform selective
inhibitors (Kithas et al 1988) to exert a further control of localised cyclic AMP
levels. This compartmentalisation of cyclic AMP enables the activation of PKA
isoforms selectively (Livisey et al 1982, Scott & Carr 1992, Barsony & Marx
1990).

Shakur et al {1995) have shown the jn vivo expression of RD1
in rat brain. In order to investigate whether RD1 is expressed alongside the
receptor / adenylyl signalling system, this present study focused on rat brain
synaptosomes. Synaptosomes are the metabolically and osmotically functional
vesicles formed upon homogenisation of neuronal tissue. Contained within the
synaptosomal membrane itself are the pinched off nerve endings (ie dendrites),
synaptic vesicles containing neurotransmitters and mitochondria (fig 5.1.1). In
addition, Dunkley et al (1988) have shown that these synaptosomes may have
post-synaptic densities attached. The method used for the isolation of
synaptosomes in this study, was the stcrose / Percoll gradient system
developed by Dunkley et al (1988) and Thorne et al (1991) and used a low
speed supernatant fraction (S1) to resolve populations of synaptosomes. The
resultant fractionation in this study, was similar to that of Thorne et al (1991)

with respect to the distribuition of marker enzymes LDH and




acetylcholinesterase (figs 5.2.2, 5.2.3, §.2.4, 5.2.5). Of the 5 fractions
obtained, RD1 was found to be enriched in fractions 2 and 3 (fig 5.2.9), with
less RD1 immunoreactivity in fractions 1 and 4, and detected minimally in the
mitochondrial fraction F3.

Those fractions which were found to be enriched with RD1, F2
and F3, were lysed and fractionated further on a continuous gradient of .5 -
1.6M sucrose (Shakur et al 1993), in order to isolate a plasma membrane
fraction. Using markers for the plasma membrane, adenyly!l cyclase and 5'
nucleotidase, enabled the identification of RD1 with the plasma menibrane
fraction (figs 5.2.7, 5.2.8, 5.2.9). Fractions 2 and 3 represent those
synaptosomes which have post-synaptic.densities attached, as opposed to those
found in F4 which are predominantly pre-synaptic in origin. This suggests that
RDI1 may associate with the post-synaptic junction along with the receptor /
adenylyl cyclase system thus enabling the transduction of the signal from the
receptor to be terminated. This study confirms that the jn yive expression of
RD1 is predominantly restricted to the plasma membrane, as has been shown
both biochemically and with immunofluoresence studies, in CQOS-1 cells
transfected with the RD1 ¢cDNA (Shakur et al 1993, 1995).

In rat brain there is evidence for the PDE4 gene encoding
multiple protein products as has been also shown for the PDE4B gene (Lobban
et al 1994, Monaco et al 1994). The isolation of transcripts representing RD2
and RD3 in addition to RD1, suggested that the PDE4A gene in tat brain could
produce proteins of variant size (Davis et al 1989). Recently, a PDE4A enzyme
(RPDES®6, Gen Bank name RNPDE4AS5, Gen Bank accession number L27057)
has been isolated from rat brain which was shown to be related to RD1 (Bolger
et al 1994b). Sequence alignment of RPDEG and RD1 showed that they were
identical over the entire C-terminal region, until 23 amino acids from the N-

terminus of RD1. This sequence divergence of RPDE6 provided a unigue N-
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terminal region distinct form that of RD1. This data determined RPDE6 and
RD1 as splice variants of the PDE4A gene (McPhee et al 1995).

In whole rat brain homogenates, the antisera directed against the
C-terminal region of RD1 detected an ~109kDa band which co-migrated with
RPDES6 expressed in COS-7 cell membranes (McPhee et al 1995), as well as an
~79kDa band which co-migrated with RD1 immunoreactivity from COS-1
transfected cell membranes. RPDE6 immunoreactivity was detected in the
whole brain homogenate, low speed pellet (P1), high speed pellet (P2) and the
supernatant fraction (81). The RD1 immunoreactive band was detected only in
the homogenate and high speed pellet fractions, This suggested that the
differences in the N-terminal regions of RD1 and RPDES, resulting from
alternative splicing, removed the region confering membrane association with
RD1, since RPDEG6 was found in all fractions. Indeed, the point of alternative
splicing occured at the 5' position which allowed a complete N-terminal
exchange.

RPDES$ wuas characterised as a product of the PDE4A gene
(McPhee et al 1995) as has RD1 (Shakur et al 1993). The different N-terminal
region of RPDE6 was shown to allow the expression of the enzyme in a
membrane and cytosolic associated form (McPhee et al 1995), whereas, that of
RD1 confines the enzyme to the membrane fraction (Shakur et al 1993, 1995).
Shakur et al (1995) have previously shown a 2-fold difference between the
relative Vmax value of RD1 and met26RD1, where the extended N-terminal
region of RD1 had an inhibitory effect. In this regard, membrane associated
RPDE®6 had an even lower relative Vmax, which was ~10% of that shown by
met26RD1, and 67% of that expressed in COS-7 cell cytosol transfected with
the cDNA for RPDEG. Thus, the N-terminal region of these PDE4A enzymes
attenuated the catalytic activity, Furthermore, membrane-association of the
enzyme activity also lead to the inhibition of catalysis, which presumably

resulted from a conformational change induced by membrane attachment.




In conclusion, RD1 ¢DNA wmansfected into COS-1 cells resulted
in the expression of a PDE4A enzyme (Shakur et al 1993), which co-migrated
with a species detected in rat brain by an RD1 specific antisera (Shakur et al
1995). This RD1 species was found associated with rat cerebellum membranes,
in particular, those which had post-synaptic densities attached. In addition,
subfractionation of such synaptosomal membranes resulted in the migration of
RD1 with the plasma membrane marker 5' nucleotidase. Thus, RD1 in
cerebellum is located to the plasma membrane along with the recepior / adenylyl
cyclase machinery, enabling the termination of the cyclic AMP signal.

Other studies have demonstrated the presence of a larger splice
variant of RD1, RPDES, in rat brain (McPhee et al 1995, Bolger et al 1994b).
These two splice variants differ with respect to their N-terminal domains, which
exert profound effects on their cellular location and enzyme activity (Shaker et
al 1995, McPhee et al 1995). Alternative splicing of the N-terminal region of
enzymes from the PDE4A (McPhee et al 1995, Bolger et al 1994b) and PDE4B
(Lobban et al 1994) families allow the cellular distribution of PDE4 isoenzymes
to both membrane and cytosol compartments, with the ability of the N-terminal
region to regulate activity upon membrane attachment. As a consequence,
discrete changes in the cyclic nucleotide concentration, either occuring at a
membrane or cytosolic site can be controtled efficiently. This evidence for splice
variants of the PDE4A (McPhee et al 1995, Bolger et al 1994b) and PDE4B
(Lobban et al 1994) isoforms, implies that drug development strategies
designed to produce inhibitars for the PDE4A family in mammalian brain, for
conditions such as depression, need to consider the effect these inhibitors will

have on the variant products of the one gene.
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Fraction Total LDH Occluded LDH

(nmol/min/mg) (nmol/min/mg)
S1 1.2 £ 0.16 01501
F1 0.68 £ 0.06 0.57 £ 0.08
F2 1.00 £ 0.02 0.61 + 0.01
F3 1.21 0.66 & 0.04
F4 0.76 £ 0.06 0.37 £ 0.06
F5 0.17 £0.03 0.05

Data is shown as mean nmol of NADH oxidised / min / mg protein £ standard
deviation for triplicate samples.

The distribution of LDH activity is representative of that done at least three
times:

Fraction S1 refers to the supernatant applied to the gradient, fractions F1 - F4
refer to the samples collected at the Percoll / sucrose gradient interface and F5
refers to the pellet collected from the gradient.

Total LDH was measured in the presence of Triton X-100 and occluded LDH
was the difference between total and free levels of the enzyme.
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Fig, 5.1.1  Formation of Synaptosomes

Shown opposite is a diagramatic representation of the formation of
synaptosomes. (Gordon-Weeks, P.R., Neurochemistry - A Practical
Approach).
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Fig, 5.2.2 Lactate Dehyd ase Activity in Raf
Corehellum Svnapt L Fracti

Data is shown as mean nmol of NADH oxidised / min / mg protein % standard
deviation for triplicate samples. Standard deviation is represented by vertical
bars. This graph is representative of one carried out for at least three separate
preparations. Fraction S1 refers to the supernatant applied to the gradient,
fractions F1 - F4 refer to the samples collected at the Percoll / sucrose gradient
interface and F5 refers to the pellet collected from the gradient.

Total LDH was measured in the presence of Triton X-100 and occluded LDH
was the difference between total and free levels of the enzyme.
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Fig, 5.2.3 Distribution of I Dehvd \ ctivit

s Determin n

The method used to prepare the synaptosomes in this study was as used by
Thorne et al (19%1). Shown opposite is a comparative distribution of LDH
activity obtained by Thorne et al (1991). Data is shown as mean nmol of NADH
oxidised / min / mg protein & standard deviation for triplicate samples. Fraction
S1 refers to the supernatant applied to the gradient, fractions F1 - F4 refer to
the samples collected at the Percoll / sucrose gradient interface and F5 refers to
the pellet collected from the gradient.

Total LDH was measured in the presence of Triton X-100 and occluded 1.DH

was the difference between total and free levels of the enzyme,
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Data is shown as mean pmol of acetylthiocholine oxidised / min / mg protein +
standard deviation for triplicatc samples with standard deviation shown as
vertical error bars. The distribution of acetylcholinesterase activity is
representative of that done at least three times. Fractions F1 - F4 refer to the
samples collected at the Percoll / sucrose gradient interface and F5 refers to the
pellet collected from the gradient.
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Fig. 5.2.5 Distributi ! Acetylcholinest A ctivit
D ined by Th | (1997

The method used to prepare the synaptosomes in this study was as used by
Thorne et al (1991). Shown opposite is a comparative distribution of
acetylcholinesterase activity obtained by Thome et al (1991). Data is shown as
mean pmol of acetylthiocholine oxidised / min / mg protein + standard deviation
for triplicate samples. Fraction S1 refers to the supernatant applied to the
gradient, fractions F1 - F4 refer to the samples collected at the Percoll / sucrose
gradient interface and F5 refers to the pellet collected from the gradient.
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Proteins electrophoresed on an SDS-PAGE gel were transferred to
nitrocellulose and Western blotted for RD1 immunoreactivity. The antisera was
directed against a C-terminal region of RD1. Equal amounts (100g) of protein
were loaded on each gel track. Shown are the samples collected at the Percoll /
sucrose interface F1 - F4 and the pellet fraction F5, The data is shown as the
distribution of RD1 immunoreactivity, mean * standard deviation, obtained
densitometrically from electrophoresis of samples from a rat cerebellum
synaptosome preparation.
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Fi 527 t ket buan gl ' . otivity In

5' nucleotidase activity was measured in samples obtained from the subcellular
fractionation of synaptosomal samples F2 - F3. Results are shown as nmol
substrate hydrolysed per minute & standard deviation for triplicate samples.
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s | | Subcellular Fracti Obtained

Adenylyl cyclase activity was measured in samples obtained from the
subcellular fractionation of synaptosomal samples F2 - F3. Results are shown

as pmol cyclic AMP / min / 100 assay * standard deviation for triplicate
samples.
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Proteins electrophoresed on an SDS-PAGE gel were transferred to
nitrocellulose and Western blotted for RD1 immunoreactivity. The antisera was
directed against a C-terminal region of RD1. Equal amounts (100u.g) of protein
were loaded on each gel track. To obtain sufficient protein for immunoblot
analysis, fractions of similar 5' nucleotidase activity were pooled. Shown is the
distribution of RI21 immunoreactivity determined by densitometry, alongside
the distribution of the plasma membrane marker 5' nucleotidase. Results are

shown as mean + standard deviation.

Western blot fraction Fractions pooled from

5’'nucleotidase gradient

i 1 =2

2 3 — 6

3 7 - 9

4 10

5 11 -~ 12
6 13 - 1%




Distribution (%)

1 RD1 Immunoreactivity

5' Nucleotidase activity




Final Discussion _and Conclusions




6. Final Discussion and Conclusions

The isolation and characterisation of members of the PDE4
family is a research area which has gained considerable attention. The interest in
the PDE4 family of enzymes is a reflection of the important role these enzymes
play in the regulation of the intracellular cyclic nucleotide cyclic AMP
concentration, and the possibility that selective inhibitors could be used as
therapeutic agents.

Of particular interest in this study, was the characterisation of a
PDE4A enzyme isolated by Dr Mike Sullivan (Sandoz), from a human T-
Iymphocyte cDNA library. The importance of the cyclic AMP signalling system
in the immune response has been established. In the mammalian immune
system, cyclic AMP is known to be an important regulator of such functions as
attenuation of lymphocyte blastogenesis (Epstein et al 1984), Iymphocyte
proliferation and differentiation (Coffey et al 1978, Hadden 1988), inhibition of
release of inflammatory mediators histamine and leukotriene C4 from basophils
{Peachell et al, 1992) and the blockade of the cytokine pathway due to the
suppression of tumour necrosis factor alpha production from human
mononuclear cells (Semmler et al 1993). Quiescent peripheral blood
lymphocytes are stimulated to proliferate upon contact with antigen, which
triggers the immune response. Sustained, clevated levels of cyclic AMP have
been shown to inhibit lymphocyte activation, lymphocyte proliferation and
differentiation (Coffey et al 1978, Hadden 1988). Of importance in this crucial
role of cyclic AMP is the role of the PDE4 cyclic AMP specific PDEs which
catalyse the degradation of the cyclic nucleotide. Engels et al (1994) has already
shown that the PDE4A isoform is the only one expressed in the T-cell Jurkat
cell line, which implies the importance of this isoform in these cells.

The enzyme isolated from the T-cell cDNA library, studied
herein was named h6.1 (HSPDE4A7, GenBank accession number U18087).

This present study has characterised h6.1 as a typical member of the PDE4
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enzyme family. h6.1 was shown to hydrolyse cyclic AMP specifically and was
insensitive to Ca2+ / calmodulin and cyclic GMP (chapter 3, 3.2.i). An
engineered version of h6.1, called h6.1pjg5, was used by Dr Neil Brown for
the purification and molecular weight determination of the enzyme. h6.1 was
shown to appear as a single band on a denaturing gel of 73kDa + 2. This was
comparable to the molecular weight determined from the purification procedure
ag predicted from the cDNA sequence. DiSanto and Heaslip (1993) have
suggested that in the promonocytic cell line U937, PDE4 is expressed as a large
molecular weight species of 210 - 250kDa. This large molecular weight protein
was cleaved, upon storage, to produce a protein of ~45kDa. This was not the
case with h6.1 as the purification data, along with the thermostability study
(chapter 3, 3.2.iii, fig 3.2.1), has shown that h6.1 was expressed as a single
population of enzyme and was not a proteolysis product.

Rolipram has been used as a tool to characterise PDE4 as such,
because of the selectivity of the inhibitor for this enzyme class. The mechanism
by which rolipram achieves inhibition is a subject which has generated a lot of
interest. Several groups have suggested that the kinetics of inhibition by
rolipram are anomolous. This was based on the findings that shallow dose
response curves were obtained with rolipram, which spread over several orders
of magnitude (Torphy et al 1992, Bolger et al 1993, McLaughlin et al 1993),
With the isolation of human PDE4, it has been questioned whether these
isoforms possess the high affinity rolipram binding site which has been detected
in rat brain (Némoz et al 1989, Schneider et al 1986) suggested to be
responsible for the anomolous kinetics detected. This high affinity rolipram
binding site. was suggested as being present in the cloned enzyme isolated from
human monocytic cells, hPDE4ALiyi (Livi et al 1990), rabbit gastric glands
(Barnette et al 1995) and guinea pig eosinophils (Souness et al 1993). This high
affinity site has been shown to bind rolipram stereoselectively, with the (R )

enantiomer being the more potent with a K3 of ~1nM. In contrast, the inhibition
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Correction to chapter 6, par h 2 77

Torphy et al (1992) and Bamette et al (1995), have suggested that rolipram
binds to only one site on PDE4, the catalytic site. They suggested that different
non-interconvertible forms of PDE4 exist which hydrolyse substrate with
similar Km vatues but differ with respect to the affinity for binding of inhibitors
such as rolipram and Ro-20-1724 to the catalytic site. Analysis of hPDE4AT jvi
indicated that rolipram did not seem to serve as a simple competitive inhibitor
(Torphy et al 1992, Livi et al 1990) from the authors double reciprocal plots. In
support of this, a replot of slope versus rolipram concentration for hPDE4AT jvi
(chapter 3, fig 3.2.16) was curved in a concave fashion instead of linear as
would be expected of a simple competitive inhibitor. Furthermore, analysis of
their data showed that the slope versus rolipram concentration plot for
hPDEA4A] jivi could be linearised by replotting a double-reciprocal of each axis
{Dixon and Webb 1979), which is indicitive of partial competitive inhibition. In
the case of partial competitive inhibition the enzyme active site is able to
accomodate both substrale and inhibitor at the same time as shown in fig
3.2.17.



of PDE4 caialysis requires rolipram in the UM range (Torphy et al 1992,
Barnette et al 1995). Studies by Torphy et.al (1992), Barnette et al (1995) and
Schudt and Hatzelmann (1995) all suggest that the high affinity rolipram
binding site is not associated with the ability of rolipram to inhibit catalysis.
Indeed, more recent evidence has suggested that the irritational, gastric side
effects found with the therapeutic dose of rolipram is due to an interaction with
this high affinity site (Barnette et al 1995).

Torphy et al (1992) and Barnette et al (1995), have suggested
that rolipram binds to only one site. However, they suggest that this site is
present on two non-interconvertable forms of PDE4, which catalyse breakdown
of cyclic AMP with similar Ky values, but bind rolipram with either low or
high affinity. Analysis of hPDE4A] jvi indicated that rolipram did not seem to
serve as a simple competitive inhibitor from the authors double-reciprocal plots
(Livi et al 1990, Torphy et al 1992). In support of this, a plot of slope versus
ralipram concentration for hPDE4A] jyi (chapter 3, fig 3.2.16) was curved in a
concave fashion. However, this would not be expected to occur if more than
one molecule of rolipram was binding to the enzyme as hypothesised by the
authors, because the plot would be upwardly curving. Furthermore, analysis of
their data showed that the slope versus rolipram concentration plot for
hPDE4A] jvi could be linearised by replotting a double-reciprocal of each axis
{Dixon and Webb 1979), which is indicative of partial competitive inhibition,

Kinetic analysis of human PDE4A in this study, with respect to
inhibition by rolipram, showed that while inhibition of h6.1 was of a
competitive nature (chapter 3, figs. 3.2.8, 3.2.9 and 3.2.10), inhibition of the
N-terminally extended enzyme 10AORF was partially competitive (chapter 4,
figs 4.2.13, 4.2.14 and 4.2.15). This alteration in the mechanism with which
rolipram inhibited 10AORF can be explained by a conformational change in
10AORF induced by the additional N-terminal amino acids. This conclusion is

supported by the thermostability data, where at 45°C, 10AORF was
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considerably more thermostable than hé6.1, which suggests that a
conformational change had indeed occured. In addition, the comparitive IC5p
data for rolipram inhibition of 10AORF (0.19uM) and h6.1 (0.51uM),
demonstrated that 10AORF was more potently inhibited. This decrease in
TCxqrolipram gyooested that an alteration in inhibitor interaction had occured
with 10AORF. It would seem that as with the rat PDE4A species, the N-
terminal domain of the human equivalent is important in enzyme thermostability
and activity.

Jin et al (1992), has shown that gpon analysis of the catalytic
domian of PDEs, members of any one class show 60 - 90% homology in this
region, while those belonging to different classes are much less homologous.
The catalytic region of PDE4 (Jin et al 1992) can be identified by homology
with other PDE species (chapter 4, fig 4,1.1) and is conserved throughout the
PDE4 class. Bolger et al (1993) has compared the sequences of the four human
PDE4 genes, and has shown that outwith the catalytic domain little, or no,
sequence similarity occurs. Thus, these N and C terminal regions presumably
perform other functions which could influence enzyme stability or catalysis. In
order to address whether the N and C terminal regions of h6.1 influence
enzyme activity, Dr M. Sullivan {Sandoz), created a series of mutants of h6.1,
These truncations, which refer to the sequence of h6.1, took the form of an N-
terminal deletion of residues 1 - 172 (YMS 10 yeast strain), a deletion at the N-
terminus (residues 1 - 172) and also at the C-terminus (608 - 692) leaving the
basic catalytic domain (YMS 11 yeast strain) and a C-terminal deletion (residues
608 - 692) (YMS 12 yeast strain) (chapter 4, fig 4.2.1). Also analysed were the
N-terminally extended version of h6.1, 10AORF and the domain swop of N-
terminal regions of h6.1 with the catalytically inactive splice variant 2EL
described in chapter 4.

The N-terminal region of PDE4 was shown to perform several

functions. While the extended N-terminus of 10AORF enhanced catalysis,
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inhibitor interaction (chapter 4, table 6) and enzyme stabi’lit} (chapter 4, table 7)
the substituition of the N-terminal region of h6.1 with that of 2ZEL. was shown
to be detremental. This suggests that the sequences involved in forming the
catalytic region, and those adjacent to this region, are specific for the optimal
functioning of the enzyme with regards to catalysis and inhibitor interaction. In
addition, the N-terminal sequence of h6.1 might be specifically involved in the
conformational folding of the enzyme in such a way as to resist thermal
denaturation, as shown in the different thermostabilities of h6.1 and HYB1
(chapter 4, table 7). The involvement of the N-terminal region in such functions
has already been demonstrated for RD1 where the N-terminally truncated
enzyme, met26RD1 had a greater Vipax for cyclic AMP hydrolysis and was less
thermostable (Shakur et al 1993, 19935).

Sullivan et al (1994) have suggested that the sequence of hé.1
represents the native PDE. Human PDE4A clones isolated from commercial
¢DNA libraries corresponded to the sequence of h6.1 and not hPDE4A] jvi. In
addition, Bolger et al (1993) have isolated what is considered to be the full
length sequence encoded by the human PDE4A gene, PDE46. Alignment of the
sequences of h6.1 and that of PDE46 (chapter 4, fig 4.2.4), shows that the
amino acid differences are not seen in PDE46, This data concludes the sequence
of h6.1 at these points to be correct. Transfection of COS-1 cells with pSVL-
RD1 (Shakur et al 1993), allowed the analysis of the rat PDE4A gene product
RD1. Isolation of mRNA fromi transfected cells, and fn vitro translation,
showed that the cDNA encoded a 68kIa protein product. Subcellular
fractionation studies showed that in transfected COS-1 cells, RD1 assoaciated
predominantly with the membrane fraction, in particular the plasma membrane.
A small proportion of the activity associated with golgi fraction also.
Approximately 75% of the total RD1 activity was membrane located, with the
residnal being cytosolic. A recent study (McPhee et al 1995) has revealed that

the cytosolic RD1 species in COS-1 cells was that corresponding to met26RD1
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(Shakur et al 1993). In this study, McPhee et al (1995) showed that the soluble
fraction of lysates of RD1 transfected COS-1 cells co-migrated with the that of
homogenates from met26RD1 transfected cells. Expression of met26RD1
occured because the met26 residue of RD1 was within a suboptimal Kozak
sequence (Kozak 1986). As a result of the over-expression in COS-1 cells
shorter products could be formed by a second initiation start site which occured
at this point. Expression of 2 metZ6RD1 like activity did not occur iz vive , as
has been shown from immunoblot analysis of the pellet and soluble fractions
from various rat brain regions (McPhee et al 1993).

Early studies have provided preliminary evidence which
suggests a role for a cyclic AMP specific PDE, in the process of
neurotransmission. The studies using Drosophila melanogaster have shown
that genetic mutations of components of the cyclic AMP signalling pathway,
result in disruption of the processes of Jearning and memory (Byres et al 1981,
Nighorn et al 1991). These genetic mutations include dunc , which encodes a
cyclic AMP specific PDE, and rur which encodes a calcium-calmodulin
stimulated adenylyl cyclase (Dudai 1988, Levin et al 1992, Qiu et al 1991). In
the mammalian CNS, Thérien and Mushynski (1979) have demonstrated that a
particulate cyclic AMP PDE activity is concentrated over post-synaptic densities
in rat brain. The cyclic AMP specific PDE inhibitors, including rolipram and
R0-201724, have been evaluated as antidepressants, and studies in rat have
demonstrated that a specific behavioural pattern is shown after PDE4 inhibitor
administration (Watchel 1982). These behavioural effects were correlated with
increased brain cyclic AMP levels in these animals (Kant et al 1980) following
PDE4 inhibitor treatment.

Davis et al (1989) provided evidence, using northern blotting,
which suggested that RD1 mRNA ocurred predominantly in rat brain tissue.
However, it was unknown as to whether a protein encoded by RD1 mRNA was

translated into protein in rat brain. To address this, the present study questioned
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whether RD1 activity was associated with rat cerebelium synaptosomes.
Synaptosomes are formed from the resealing of post-synaptic and presynaptic
membranes, which have been sheared from the cell bodies upon
homogenisation. The resealed membranes have within them organelles of the
synapse, such as, post-synaptic densities, synaptic vesicles, mitochondria and
enzymes of the cytoplasm (Gray & Whittaker 1962, DeRobertis et al 1962).
Synaptosomes therefore provided a source of rat brain neuronal membrane 1o
study. Immunoblotting of rat brain cerebellum membrane / cytosol fractions
(Shakur et al 1995), with antiserum directed against a C-terminal region of
RD1, showed that ~92% of the activity was membrane associated. Analysis of
the rat brain synaptosome preparations with the RD1 antiserum, identified a
band of ~73kDa (chapter 5, fig 5.2.6). Shakur et al (1995) demonstrated that
RD1 immunoreactivity from rat brain cerebellum membranes, migrated with that
of COS-1 cells transfected with RD1 cDNA. Interestingly, those fractions
which were enriched in RD1 immunoreactivity (chapter 3, fig 5.2.9), have been
shown (Dunkley et al 1988) to have post-synaptic densities attached. This
would correlaie with the wurk of Thérien and Mushynski (1979), who have
demonstrated that a particulate cyclic AMP PDE activity is concentrated over
post-synaptic densities in rat brain.

The particular membrane fraction with which RD1 associated,
was revealed upon sub-fractionation of the synaptosomal fractions which were
enriched in immunoreactivity. This sub-fractionation procedure identified RD1
immunoreactivity, with the plasma membrane markers adenylyl cyclase and 5'-
nucieotidase (chapter 5, figs 5.2.7 - 5.2.9. This study confirmed the
observation in COS-1 cells that RD1 associated with the plasma membrane
fraction primarily (Shakur et al 1993). The post-synaptic localisation of RD1,
and identification of RD1 with those fractions containing adenylyl cyclase and
5*-nucleotidase outline a role for PDE4A in the process of neurotransmission.

Indeed, this data correlates with the studies discussed above which implied that

181




a PDE4 was involved in this process. The recently published data (McPhee et al
1995), on the larger PDE4A rat splice variant, RPDES, showed that in rat
cerebellum only RD1 could be detected. This RD1 activity was found only in
the membrane fraction (fig 3 McPhee et al 1995). This would suggest that RD1
is the main PDE4A activity involved in controlling cyclic AMP levels in this
region of rat brain.

In conclusion, this thesis has highlighted the prominant role of
products of the PDE4A gene, in processes which involve the functioning of T-
lymphocytes and neurological events. These enzymes, and variants thereof, are
likely to be considered targets for therapeutically useful drugs. Engels et al
(1994) has shown that only PDE4A is expressed in the T-cell Jurkat cell line,
which suggests that inhibitors of PDE4A will be useful in treating inflammatory
disorders. Indeed, elevation of PDE4 activity is considered to be the underlying
cause of certain inflammatory disorders (Grewe et al 1982, Chan et al 1993).
Current drug therapy in the treatment of asthma relies on symptomatic relief,
mainly with bronchodilatory agents, and leaves the underlying cause, the
inflammation, unchecked. The ability to restore cyclic AMP levels, through
PDE4 inhibition, would be a route to producing an anti-inflammatory effect.
Similarily, PDE4 is considered a target for drugs used to treat disorders such as
depression, Future studies will prcsumably focus on the development of more
potent inhibitors of these enzymes, which posses few of the side effects which

are currently associated with inhibitors such as rolipram (Bamnette et al 1995).
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Appendix 1
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Amersham Internationai, Amersham,

Bucks, England, UK

B.D.H Lid., Poole, Dorset,
England, U.K.

Bio-Rad, Hemel Hempstead,

Herts, England

Boehringer Mannheim (UK),
Lewes, East Sussex, England, UK

Sigma Chemical Co.,
Poole, Dorset, England, U.K.

Chemical
8-3H-adenosine 3'5' cyclic

monophosphate

All other chemical reagents not

listed here
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Bradford reagent

ATP

GTP

Creatine kinase
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Bovine serum albumin
Creatine pbosphate
Cyclic AMP
Dithiothreitol
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Isobutylmethylxanthine
Snake venom

Temed

Thimerosol

Pheunylmethanesulphonyl fluoride
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Aprotinin
Pepstatin A
Aptipain
Leupeptin

Magnesinm chloride

Dimnethylsuiphoxide

Percoll

Gift of rolipram




