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Abstract

Physiologically, nitric oxide (NO) signal transduction occurs through activation of guanylyl
cyclase (GC)-coupled receptors, which catalyse cGMP formation. The accumulation of cyclic
guanosine 3’-5’ monophosphate (cGMP) engages a number of downstream targets to trigger
various biological effects, and is ultimately degraded by phosphodiesterases. Unlike with many
neurotransmitter receptors, knowledge of the functional characteristics of the NO receptors is
limited. The aim of the present research was to begin to address this deficiency by examining the
kinetics of the activation of the native receptor and of heterologously-expressed receptor
isoforms in intact cells or cell lysates.

In cells from a brain region that is enriched in the NO-cGMP signalling pathway, namely the
striatum, NO-evoked cGMP accumulation was located in a neuronal subpopulation and the
receptor activity displayed a rapidly-desensitizing profile similar to that found previously in
cerebellar astrocytes. To determine if this pattem of activity is peculiar to particular receptors,
the two known heterodimeric isoforms, a1B1 and a2f1, were expressed in COS-7 cells. NO was
applied in fixed concentrations using a recently-developed method based on balancing NO
release from a donor with NO inactivation by red blood cells. The two isoforms were highly
sensitive to NO, half-maximal cGMP accumulation occurring at concentrations of about 1 nM in
both cases. Furthermore, the NO-evoked activity of both receptors desensitized with very similar
kinetics.

To circumvent limitations of the method for NO delivery used in the initial experiments,
particularly problems of haemolysis, a new technique, in which a chemical NO scavenger was
substituted for the red blood cells, was evaluated and found to be superior in several respects.
The new method was used to determine the kinetic parameters of the receptor purified from
bovine lung and, for comparison, cell lysates containing the two isoforms. Half-maximal activity
in all cases required about 1 nM NO. In addition, the Hill slopes were close to 1, questioning a
previous conclusion that receptor activation requires binding of more than one NO molecule per
receptor. Contrasting with another previous study which suggested that membrane association
sensitizes the receptor to NO, comparison of cytosolic and membrane preparations of two
different tissues (cerebellum and platelets) revealed that their sensitivities to NO were

indistinguishable when studied using fixed concentrations.
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Chapter 1
General introduction to the NO-cGMP signalling pathway

1.1 Historical background

For decades NO gas was considered simply as a common air pollutant and one of the
components of acid rain. However, during the late 1980’s the biological significance of NO was
realised. Research in three separate areas led to the discovery that NO was a mechanism for cell
signalling in mammalian systems, and in 1992 the journal Science declared NO the “molecule of
the year” (Koshland, Jr., 1992). The importance of NO was highlighted in 1998, when the Nobel
Prize in Physiology and Medicine was awarded to three scientists who contributed to the
discovery of this signalling molecule (R.F. Furchgott, L.J. Ignarro and F. Murad). The role of
NO in both physiological and pathological processes is currently being assessed, and clinical
studies are increasingly involved in the search for new strategies for therapeutics.

Soluble guanylyl cyclase (White and Aurbach, 1969) and its product cGMP (Ashman et al.,
1963) were identified in the 1960s, and later shown to be activated by exogenously applied NO
gas and by NO released from vasodilators such as nitroglycerine and nitroprusside (Katsuki et
al., 1977). However at this point NO was not considered to play a role in biological systems.
After the discovery that endogenously synthesised NO was a signalling molecule, soluble
guanylyl cyclase was identified as the major physiological NO receptor. Since its initial
discovery, the enzyme has been found to associate with cellular membranes (Amold et al., 1977,
Gibb et al., 2003; Russwurm et al., 2001; Zabel et al., 2002). Thus the original name of soluble
guanylyl cyclase is mis-leading, and so from here on the enzyme will be termed the NO-guanylyl
cyclase-coupled receptor (NOgcR).

The aim of this chapter is to:

-provide an overview of the cross-disciplinary approaches leading to the identification of NO.
-outline the structural and functional characteristics of NO and its major effector NOgcR.
-discuss the physiological importance of this signalling pathway.
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Immunology

Early studies indicated that mammals excrete more nitrate than they ingest. This nitrate
biosynthesis was initially attributed to microbe metabolism in the intestinal tract (Green et al.,
1981a; Tannenbaum et al., 1978). Further studies demonstrated that both germ-free and
conventional rats generated nitrate (Green et al., 1981b). During a metabolic study, one of the
human subjects consuming a low nitrate diet developed fever and diarrhoea (Wagner and
Tannenbaum, 1983). Their urinary nitrate excretion increased to a level 10 fold higher than that
measured prior to the onset of symptoms, and it was later shown that rats injected with agents
which trigger an immune response (e.g. bacterial lipopolysaccharide (LPS)) developed a similar
increase in urinary nitrate excretion (Wagner et al., 1983). Experiments using cultured cells, and
a LPS-stimulated mouse model using several mouse strains with specific genetic immunocellular
defects, demonstrated that macrophage cells were the major source of nitrate, and that this
process may be involved in cytotoxicity (Stuehr and Marletta, 1985). Macrophage cytotoxicity
was later reported to require L-arginine (but not D-arginine), and generate citrulline as a co-
product of nitrite synthesis. This synthesis was found to be inhibited by the arginine analogue L-
NMMA (Hibbs, Jr. et al., 1987). The mechanism by which arginine was converted to citrulline

and nitric oxide was not identified until later, as a result of research in a different field.

Regulation of vascular tone

On January 18, 1879, the Lancet published an article entitled "Nitro-glycerine as a remedy
for angina pectoris" (Murrel, 1879). The author, William Murrell, a physician lecturer at
Westminster hospital described the therapeutic properties of this compound, already well known
at that time as an explosive. One of his colleagues, Lauder Brunton, had discovered some years
before that amyl nitrite inhaled during an anginal attack provided immediate relief from pain. It
took more than a century before the mechanism of action was determined.

Ignarro and his collegues reported that NO and nitroprusside caused relaxation of vascular
smooth muscle and that the muscle produced cyclic GMP (cGMP; Gruetter et al., 1979).
Furthermore, they demonstrated that in order to produce vasodilation, organic nitrates and
nitrites needed to be metabolised to NO and form nitrosothiols (Ignarro et al., 1981). Despite
discussing at the time that NO would be an ideal candidate as an endogenous regulator of blood

flow this theory was rejected as it was thought that NO was not synthesised by mammalian cells.
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A serendipitous finding led to the first report that relaxation responses of vascular smooth
muscle required the presence of an intact endothelium. Strips of rabbit thoracic aorta in which
the endothelium were rubbed during preparation, did not respond to acetylcholine (ACh). In
contrast, ACh evoked a concentration-dependent relaxation of rabbit aorta rings, in which the
endothelium remained intact (Furchgott and Zawadzki, 1980). This relaxation was blocked by
atropine implying that ACh was acting via endothelial cell ACh receptors to stimulate the
production of an endothelium-derived relaxing factor (ERDF) that could diffuse to the smooth
muscle and initiate relaxation.

During the early 1980’s experiments established the similarities between the properties of
NO and those of EDRF. In 1987 two studies were published, providing evidence that NO was
EDRF. EDRF derived from the pulmonary artery by bioassay, had identical vasodilating
properties to NO applied directly to the vascular smooth muscle (Ignarro et al., 1987).
Endothelial cells in culture were shown to release an unstable vasorelaxant molecule in response
to ACh, with identical biological activity to EDRF. Using a chemiluminescence technique it was
demonstrated that the vasoactive molecule was either NO or NO;" (Palmer et al., 1987). Shortly
thereafter, mass spectrometry studies using ’N-labelling showed that the NO is derived from the
terminal guanidine nitrogen of L-arginine (Palmer et al., 1988b), and that vascular endothelial
cells can synthesise NO (Palmer et al., 1988a). Since then NO synthesis has been shown to play

an important role in regulation of vascular tone under normal physiological conditions.

Neuronal signalling

Studies in the peripheral nervous system showed that electrical field stimulation of nerves in
the rodent anococcygeus and bovine retractor penis muscles (in the presence of adrenergic
blockers) caused the muscles to relax. This effect could not be attributed to any of the known
non-adrenergic, non-cholinergic (NANC) transmitters (Gillespie and Martin, 1980). Once EDRF
had been identified as NO and NOS inhibitors became available to demonstrate that a biological
response was mediated by NO, it was demonstrated that the electrical stimulation of these
NANC nerves was activating NOS and that NO was mediating the inhibitory response in these
muscles (Gillespie et al., 1989).

The discovery that NO can also act as a neuronal messenger in the brain came from studies in

the Garthwaite laboratory. It had long been known that glutamate evoked large increases in
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c¢GMP concentration in the CNS (Ferrendelli et al., 1974; Garthwaite and Balazs, 1981). These
increases were particularly prominent in the cerebellum, and were primarily mediated by a
specific population of glutamate receptor (Garthwaite and Balazs, 1981). N-methyl-D-aspartate
(NMDA) receptor activation was found to induce the release of a diffusible factor that had
remarkable similarities to EDRF, and that this intracellular messenger mediated the activation of
guanylyl cyclase (Garthwaite et al., 1988). The cells on which the NMDA receptors were
localised were found to be different from those in which cGMP was synthesized (Garthwaite and
Garthwaite, 1987). This was the first description of the intercellular molecule that links NMDA

activation to cGMP production and established NO as a signalling molecule in the brain.

1.2 Nitric Oxide Synthases

Isoforms and expression

Nitric oxide is produced by a haem containing enzyme termed nitric oxide synthase (NOS)
which was first isolated and purified from rat brain (Bredt and Snyder, 1990). Mammalian
systems contain three distinct isoforms. In mammals, the NOS isoforms exhibit about 60%
homology, and are classified according to the cell type or conditions under which they were first
identified. The NOS isoforms are products of different genes, have different cellular locations

and biochemical characteristics summarised in Table 1.

Isoform Neuronal NOS Inducible NOS Endothelial NOS
(nNOS) (iNOS) (eNOS)
Human 12 7 17
chromosomal
location
Cellular location Neurones Macrophages Endothelial cells
Subcellular Cytosolic/ particulate Predominantly cytosolic Predominantly
location in varying proportions particulate
Protein size (kDa) 161 133 131
Expression Constitutive Inducible Constitutive
Ca’* dependence Yes No Yes

Table 1: Characteristics of the nitric oxide synthase isoforms
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Neuronal NOS (nNOS) is predominantly expressed in the central and peripheral nervous
system but also in other tissues such as skeletal tissue, macula-densa, and the placenta. During
excitatory neurotransmission in the brain, the post-synaptically located NMDA-subtype of
glutamate receptors are activated triggering Ca”" influx into the cell (Collingridge and Bliss,
1995), so activating nNOS. Phosphorylation of nNOS at Ser**’ by calmodulin (CaM) kinases
results in a decrease in enzyme activity (Komeima et al., 2000). NO may act as a retrograde
messenger to produce sustained glutamate release from pre-synaptic nerve terminals resulting in
long-term potentiation (LTP) in brain areas such as the hippocampus (Bon et al., 1992;
Garthwaite and Boulton, 1995). LTP is a form of synaptic plasticity in which neurotransmission
is enhanced for hours or days in response to repetitive stimulation of pre-synaptic terminals. This
phenomenon is thought to be involved in leaming and memory (Huang, 1997).

Endothelial NOS (eNOS) is predominantly found in vascular endothelial cells where it is
activated by hormones or in response to physical stimuli such as blood flow and shear stress

(Ayajiki et al., 1996). This triggers phosphorylation of Ser''”

within eNOS by protein kinase
Akt (Dimmeler et al., 1999), and results in a calcium-independent increase in enzyme activity
(Corson et al., 1996). The NO produced by the endothelium relaxes the vasculature and inhibits
adhesion and aggregation of platelets (Moncada et al., 1991).

The inducible isoform (iNOS) is not constituently expressed. De novo synthesis is triggered
by inflammatory mediators (e.g. interferon, tumour necrosis factor) and bacterial toxins (LPS), in
a number of cell types including macrophages, smooth muscle, cardiomyocytes and microglia.
iNOS also has a CaM-binding site, and binds CaM tightly even in the presence of low levels of
Ca*". Thus iNOS is primed for activity and acts as a high-output system generating substantial
amounts of NO required for killing bacteria, viruses and other pathogens. Over expression of

iNOS may contribute to the tissue injury and severe hypotension occurring in inflammatory

diseases (Nathan and Xie, 1994).

Structure and catalytic mechanism of NOS

The three main NOS isoforms share structural similarities and have nearly identical catalytic
mechanisms (Alderton et al., 2001). They all require a number of co-factors and prosthetic
groups for activity, including flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN),
haem which binds oxygen, CaM, and tetrahydrobiopterin (BHs). The NOS isoforms share a

16
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Figure 2: NO synthesis by NOS

NOS is found in both the cytosolic and particulate fractions of cell lysates. Intracellular
targeting of the isoforms is determined by the variable N-terminal region. In nNOS, the N-
terminal 220 amino acids are unique to this isoform and encode a PDZ domain which facilitates
interactions with scaffolding proteins such as the neural post synaptic density protein (PSD 93,
and PSD 95), and the muscle protein a-syntrophin (Brenman et al., 1996) (Figure 1). PSD-95
links nNOS to the NMDA receptors at the plasma membrane so that agonist binding results in
Ca®* influx through the channel to which nNOS is anchored (Christopherson et al., 1999). The
N-terminus of eNOS contains myristoylation and palmitoylation sequences which targets eNOS
to membranes or caveolae respectively (Shaul et al., 1996), again localising them to the vicinity
of Ca®" influx from plasma membrane channels and endoplasmic reticulum stores. iNOS lacks

these N-terminal consensus sequences and is considered to be primarily a cytosolic enzyme.

1.3 Nitric oxide synthase inhibitors

Excessive NO synthesis by different isoforms of NOS has been implicated in several clinical
disorders. The NO-cGMP pathway is suggested to be involved in the pathology of a number of
clinical disorders including acute (stroke) and chronic (Alzheimer’s, Parkinson’s, schizophrenia

and AIDS dementia) neurodegenerative diseases, convulsions and pain. Sustained NO
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production by iNOS has been implicated in septic shock, rheumatoid arthritis and tissue damage
following inflammation (Moncada et al., 1991). Selective inhibitors of the individual isoforms
may provide useful therapeutic approaches and will be valuable pharmacological tools in the
laboratory setting. Since the discovery of the NO signalling pathway numerous NOS inhibitors
have been developed. The most commonly used are N-methyl-L-arginine, N-nitro-L-arginine, N-
nitro-L-arginine methyl ester and aminoguanidine. These compounds are L-arginine analogues
with similar selectivity between NOS isoforms acting as simple competitive inhibitors at the
arginine-binding site, with ICs, values in the low uM range (Alderton et al., 2001).

The search for more potent and NOS isoform selective inhibitors, revealed that the inhibitory
activity of an amidine group inferred greater selectivity between NOS isoforms and was more
potent than previous compounds (Moore et al., 1996; Webber et al., 1998). Two compounds
(+)cis-4-methyl-5-pentylpyrollidin-2-imine (1400W) and o-fluro-N-(3-(aminomethyl)-phenyl)-
acetamidine (ARL-17477) have been tested in intact tissues. 1400W was found to mnhibit iNOS
5000-fold more effectively than eNOS, and 200-fold more effectively than nNOS (Garvey et al.,
1997). ARL-17477 exhibits at least a 100-fold selectivity for nNOS over both iNOS and eNOS.
To date enzymatic studies have found that the most selective nNOS inhibitor is vinyl-L-NIO
(N5-(1-imino-3-butenyl)-L-ornithine; L-VNIO) (Babu and Griffith, 1998). The precise
mechanism of inhibition is unknown, but spectral analysis suggests that the nNOS haem co-
factor is lost or modified. The recent elucidation of iNOS and eNOS crystal structures may aid in
the discovery of more potent and selective NOS inhibitors (Li et al., 1999; Raman et al., 1998).

1.4 Nitric oxide synthase knockout mice

Targeted disruption of each of the NOS genes has been achieved in mice and result in viable,
fertile knockout (KO) animals. These serve as useful models for NOS deficiencies, as their
phenotypes reflect the functions of each isoform.

In nNOS KO mice, the absence of nNOS in the myenteric plexus causes pyloric stenosis and
subsequent enlargement of the stomach (Huang et al., 1993). This is consistent with NO playing
an important role in gastric motility and pyloric relaxation. Male nNOS KOs display exaggerated
aggression which is also observed in mice treated with a nNOS selective inhibitor: 7-

nitroindazole (Demas et al., 1997). In cerebral ischaemia, nNOS appears to contribute to tissue
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damage (Panahian et al., 1996), whereas eNOS is important in preserving cerebral blood flow
(Lo etal., 1996).

The aortic rings from eNOS KO mice do not relax in response to ACh, verifying that eNOS
is required for EDRF activity (Huang et al., 1995) and these mice are hypertensive confirming a
role for basal eNOS activity, in regulation of blood pressure and vascular tone. Furthermore in
eNOS KO spontaneous angiogenesis following limb ischaemia was found to be severely reduced
in comparison to the wild type (Murohara et al., 1998).

iNOS KO mice are more sensitive to certain infections, but are resistant to sepsis-induced
hypotension (Wei et al., 1995). There are criticisms of studies on mice with gene targeted
deletions as the gene product is missing throughout development when crucial processes
including activation of redundancy and compensatory mechanisms may be affected. The
phenotype observed may not be solely due to the mutation and may arise from up or down

regulation of other genes and proteins (at both the transcriptional and translational level).

L.S Cellular targets of NO

At low nanomolar concentrations, NO selectively engages the NOgcR, the activation of
which results in cellular accumulation of cGMP (see next section for more detail). However,
when NO is present in high enough concentrations there is another ubiquitous target, the terminal
complex (complex IV) of the mitochondrial respiratory chain cytochrome ¢ oxidase. Using
electrons from cytochrome ¢ the oxidase couples the reduction of oxygen to the pumping of
electrons out of the mitochondrial matrix. It is now well established that in virro NO reversibly
inhibits mitochondrial cytochrome ¢ oxidase. NO competes with oxygen (Brown and Cooper,
1994; Koivisto et al., 1997), resulting in an increase in the Km of cytochrome ¢ oxidase for
oxygen so modulating mitochondrial respiration (Brown, 1995). Various studies have reported
that endogenously produced NO can decrease O, consumption in vitro (Clementi et al., 1999;
Loke etal., 1999; Poderoso et al., 1998; Shen et al., 1995), and in vivo (Shen et al., 1994; Shen et
al., 1995). It remains possible that cGMP may mediate some of these effects (Gong et al., 1998;
Shen et al., 1995). Furthermore the sensitivity of NOgcR is at lease two orders of magnitude
higher than that of cytochrome c oxidase (Bellamy et al., 2002a). Whether NO regulates cellular

respiration in vivo remains to be determined (Cooper, 2002; Moncada and Erusalimsky, 2002).
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Irreversible damage to cytochrome ¢ oxidase has also been reported following prolonged NO
exposure of mitochondria (Poderoso et al., 1996) and cells (Bolanos et al., 1996). It has been
suggested that the diffusion limited reaction of NO with superoxide (02") to form highly toxic
species peroxynitrite (ONOQO") may be responsible (Beckman and Koppenol, 1996). ONOO™ has
also been implicated in causing DNA damage, activation of poly(ADP-ribose) polymerase,

protein nitration and lipid peroxidation (for a review see Keynes and Garthwaite, 2004).

Guanylyl Cyclases: Isoforms and expression

Soon after the discovery of the cyclic nucleotide cyclic adenosine 3°-5° monophosphate
(cAMP), cGMP was detected in rat urine and shown to be formed in nearly all mammalian
tissues (Ashman et al., 1963). cAMP is synthesised by adenylyl cyclases (AC) which are
associated with the plasma membrane in eukaryotic cells (with the exception of cytosolic AC in
sperm). In contrast the cGMP-forming guanylyl cyclases exist as both soluble and membrane-
bound forms. Both the soluble and membrane guanylyl cyclases were found to be activated by
NO (Arnold et al., 1977), and later it was found that the membrane form is also activated by
natriuretic peptides (Chinkers and Garbers, 1989). To date NO is the only known physiological
activator of the NOgcR.

The first purification of NOgcR was achieved from rat lung (Garbers, 1979) long before NO
was recognised as a physiological messenger. NOgcR was identified as a dimer, consisting of
two subunits a1 (73-80 kDa) and B1 (70 kDa), and requires a divalent cation as a co-factor
(originally proposed to be Mn*", but later deduced to be Mg”"). The primary amino acid
sequence was identified and cDNA was cloned for both the - (Koesling et al., 1988; Nakane et
al., 1988) and the B-subunits (Koesling et al., 1990; Nakane et al., 1990). Homology screening
revealed the existence of alternative subunits of the NOgcR: o2 (Behrends et al., 1995;
Harteneck et al., 1991) and B2 (Yuen et al., 1990). a3 and B3 were later described in human
brain (Giuili et al., 1992) but are likely to represent variants of the a1 and 1 subunits rather than
different isoforms (Zabel et al., 1998). Subunits corresponding to the mammalian o1 and 1
have also been found in animals other than mammals including fish (Mikami et al., 1999) and
insects (Nighom et al., 1999; Shah and Hyde, 1995) implying that the NOgcR is well conserved

though evolution.
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In summary two types of o and two types of p NOgcR subunits have been identified, from
which a total of four different NOgcR isoforms (ct1p1,a2f1, alp2 and a2f2) may occur. Only
two 1soforms have been shown to exist at the protein level in vivo. 11 has a widespread tissue
distribution. o231 was originally identified in human placenta, and has since been found in the
rat brain, where it associates with synaptic scaffolding proteins (Russwurm et al., 2001). At the
mRNA level, B2 was originally found in the kidney with lower expression in the liver (Yuen et
al., 1990). In situ hybridisation reveals that 2 mRNA is widely expressed in the brain with
particular abundance in the cerebellum and hippocampus; however B2 mRNA was not detected
(Gibb and Garthwaite, 2001). However a more sensitive RT-PCR method revealed that the f2
mRNA was expressed in the cerebellum. Interestingly the relative concentrations of al and B1 in
this brain region and elsewhere are not necessarily expressed in a 1:1 ratio but the physiological
importance of this is unclear.

Expression experiments revealed that the al or B1 subunit transfected alone into cells, or a
combination of the cytosolic fractions from each separately expressed subunit, did not result in
enzyme activity (Buechler et al., 1991; Harteneck et al., 1990). Co-expression of the a1B1 and
o2B1 subunits in these cells produced NO-sensitive enzymes and it has been speculated that a
physiological equilibrium between homo- and heterodimers may regulate NOgcR activity in cells
(Zabel et al., 1999). A combination of a1 and B2 tagged with green fluorescent protein was
reported to generate cGMP when expressed transiently in COS-7 cells (Gupta et al., 1997);
however this was regarded contentious as the results could not be repeated in other laboratories.
The role of 2 was further complicated by the discovery of a variant B2, which contains an
additional 60 amino acids at the N terminus, adjacent to the haem-binding domain. This protein
was reported to function as a homodimer with a 10-fold higher affinity for NO than the 11
heterodimer (Koglin et al., 2001). However, the physiological relevance of the variant B2 subunit
remains questionable as enzyme activity required a non-physiological concentration (4 mM) of
Mn?* (rather than the usual Mg®").
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Structure of the NOgcR

The primary structure of the NOgcR subunits can be divided into three domains: a haem-
binding domain at the N-terminal, a central dimerisation domain and a C-terminal catalytic
domain (Figure 3). A single haem moiety is incorporated within the haem-binding site of the
heterodimer. Presence of this prosthetic haem group was shown to be essential for NO-induced
enzyme activity, as removal of the haem abolished enzyme activation, which could be reversed
following reconstitution with haem (Foerster et al., 1996; Ignarro et al., 1986). Both the a1l and
B1 subunits are required for correct binding and orientation of the haem group (Foerster et al.,
1996), and sequential truncation studies demonstrated that the B1 subunit plays a more important
role in haem binding (Koglin and Behrends, 2003). A histidine residue (His-105) of the 1
subunit was shown to form a covalent link with the Fe** centre of the haem iron, thereby acting
as a proximal ligand (Wedel et al., 1994; Zhao et al., 1998). Mutation of this histidine generated
an NO-insensitive, haem-depleted enzyme with only basal activity (Wedel et al., 1994).

Two cysteines adjacent to the His-105 on the B1 subunit appear to assist in the formation of
the proper haem pocket. When these were mutated the enzyme failed to bind haem (Friebe et al,,
1997). In other haemoproteins such as myoglobin (Mb) or haemoglobin (Hb), the reaction of NO
with O; results in oxidation of the haem iron and nitrate formation. This does not occur in the
NOgcR as the haem environment does not bind O2 (Gerzer et al., 1981a), allowing NO to freely
associate and dissociate with the NOgcR. This means that in the aerobic environment of a cell,

the NOgcR activity will not be influenced by competition between NO and O,.
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1.6 Kinetics of purified NOgcR

Out of the three redox forms of NO (NO", NO®, and NO") only the uncharged radical (NO*®)
significantly activates the NOgcR (Dierks and Burstyn, 1996). The mechanism of NOgcR
activation is centred on the haem group, and the shift in the UV-visible absorbance maximum
(known as the Soret band) of the different haem species has proved invaluable in investigating
this process. Under resting conditions, the haem group of the NOgcR is five-coordinated, with a
His-105 as the axial ligand at the fifth coordinating position, as indicated by an absorbance
maximum of 431 nm (Stone and Marletta, 1994). It is widely accepted that activation of the
NOgcR is initiated by NO binding to the sixth coordination position of the haem, resulting in the
cleavage of the proximal histidine-iron bond. The formation of a five-coordinate nitrosyl Fe**
complex induces a shift in the absorbance maximum towards 398 nm. The resulting
conformational change is thought to be propagated to the catalytic site and cause a 200 fold
increase in the rate of cGMP synthesis from GTP (Sharma and Magde, 1999).

The initial rate of NO association with the haem group of the NOgcR is very rapid
(bimolecular rate constant of 10’-10* M's™), and is of an order of magnitude approaching that of
a diffusion-limited reaction (Zhao et al., 1999). The subsecond kinetics of NOgcR activation
were investigated using stopped-flow spectroscopy (Zhao et al., 1999). The transition from the
six-coordinate to the five-coordinate complex was found to be rate limiting for activation;
proceeded with second order kinetics (k=2.4 x 10° M'sec™ at 4 °C); and was dependant on the
NO concentration. This result suggested NOgcR activity was a more complex event, whereby
NO not only activates the enzyme by binding to the haem, but also regulates the velocity of
activation by binding to a second site. However, reinterpretation of the data suggested that it is
compatible with the simple binding event of activation, and the postulated additional NO binding
site was deemed unnecessary (Bellamy et al., 2002b). These models are currently under dispute
(Ballou et al., 2002; Bellamy et al., 2002b).

A recent study analysed the effect of both biochemical and genetic removal of the haem, and
its reconstitution on the activity of the NOgcR (Martin et al., 2003). When detergent was used to
remove the haem from human wild type a1p1 enzyme, a several fold activation of the enzyme
was observed. This activation was inhibited following reconstitution of the haem. Furthermore, a

haem-deficient mutant enzyme, in which the o131 His-105 was substituted for a cysteine, was
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found to be constitutively active at a level comparative to the activity of the wild type enzyme
activated by NO. When this mutant enzyme was reconstituted with haem the enzyme activity
was significantly reduced. This work suggests that the haem moiety, via its coordination with
His-105 of the B subunit acts as an endogenous inhibitor of the NOgcR. The authors propose that
disruption of the haem-coordinating bond induced by binding of NO releases the restriction
imposed by this bond, allowing the formation of an optimally organised catalytic centre in the
heterodimer.

To date the NOgcR crystal structure remains unknown. Recent crystallographic studies of
cytochrome ¢’ from the microbe Alicaligenes xylosoxidans revealed an unexpected NO binding
profile. The NO-bound crystal structure of cytochrome ¢’ was found to bind NO on the proximal
(rather than distal) face of the haem (Lawson et al., 2000). Progression from the 6-coordinate
species to the stable 5-coordinate species proceeded via displacement of the proximal histidine
and distal NO by a second NO molecule, which forms a bond in the proximal position (Mayburd
and Kassner, 2002). This transition was found to be dependant on NO concentration (Andrew et
al., 2002), analogous to findings on NOgcR (Zhao et al., 1999). Cytochrome c’is similar to
NOgcR in regard to its ligand binding properties (exclusion of Oy, a 5 co-ordinate ferrous resting
haem, and a 5-coordinate nitrosyl complex yet 6-coordinate carboxyl complex; Andrew et al.,
2002) and so this new finding is likely to provoke the re-examination of many of the assumptions
regarding NO activation of the NOgcR.

The rate of NO dissociation from purified NOgcR is much faster (half-time = seconds-
minutes; Brandish et al., 1998; Kharitonov et al., 1997), than the spontaneous dissociation of NO
from the NO-Fe * bond in the majority of haem-containing proteins (half time = hours-days;
Kharitonov et al., 1997). Deactivation of the NOgcR was measured as a decrease in catalytic
activity by examining the rate at which cGMP synthesis declined to zero after removal of NO by
addition of Hb. The dissociation of NO from its receptor was found to be fastest in the presence
of GTP and Mg”" (Kharitonov et al., 1997). Deactivation was found to proceed with a half-life of
~20 s at 20 °C. It is assumed that at the physiological temperature of 37 °C, that this would
reduce to a few seconds (Bellamy and Garthwaite, 2002). More work is required to determine the
rate of deactivation of purified NOgcR.

The kinetics of catalysis have been examined in the purified form of the NOgcR (Gerzer et
al., 1981b; Stone and Marletta, 1994). Under conditions of excess activator (NO) and substrate
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(GTP) the enzyme exhibits linear Michaelis-Menton kinetics i.e. cGMP accumulates at a
constant rate over time, indicating that in the purified state the enzyme is not subject to feedback
inhibition. The Michaelis constant of the NOgcR for Mg”*-GTP has been found to be within the
range of 40-130 uM in the absence of NO (Denninger et al., 2000; Tomita et al., 1997) and in the
range of 14-20 uM in the presence of NO. The maximal observed rate of cGMP synthesis has
been measured as 10-100 nmol cGMP.mg”.min™ in the absence and 10-40 pmol cGMP.mg’

! min™ in the presence of NO (Stone and Marletta, 1995; Tomita et al., 1997).

1.7 Kinetics of the NOgcR in cells

Recent studies examined the behaviour of the NOgcR in cells, and revealed for the first time
that within its natural physiological environment the enzyme acts very differently to how it acts
when in a purified state. The first major difference was the rate of deactivation of cGMP
synthesis. The NO scavenging ability of Hb was exploited to instantly remove all free NO from
the medium surrounding the cells. Hb is cell impermeable. Direct measurement of the rate of
decline in cGMP synthesis after removal of free NO provides a measure of the rate at which NO
dissociates from the NOgcR, diffuses through the cell and is quenched by Hb. In immature
cerebellar cell suspensions complete NOgcR deactivation occurred within a few seconds or less
(Bellamy et al., 2000). A novel method for rapid quenching of cell suspensions was developed to
examine the deactivation kinetics in greater detail (Bellamy and Garthwaite, 2001b).
Deactivation was found to proceed in a more complex manner than predicted for by a simple
decline in levels of active NOgcR. The simplest operational description of deactivation was an
exponential decline (rate constant 3.7 sec ™) following an immediate 0.4 fractional loss of
activity.

The same technique was applied to investigate the activation kinetics of cellular NOgcR
following photolysis of a caged derivative of NO. The rate of NOgcR activation was too rapid to
be measured even at a sampling interval of 200 ms. It is unknown whether the rate of activation
measured for purified enzyme applies to the receptor within cells. Estimates for the potency
(ECso) of NO required for activation of the purified enzyme range from ~80 nM (Schmidt et al.,
1997; Schrammel et al., 1996) to 250 nM (Stone and Marletta, 1996), whereas in cells the ECsp
(measured 100 ms after photolysis of caged NO) is almost two-fold lower ~ 45 nM (Bellamy and
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