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SUMMARY

Aberrant calcium handling in cardiomyocytes, linked to ryanodine receptor (RyR) dysfunction,
causes cardiac arrhythmias underlying catecholaminergic polymorphic ventricular tachycardia
(CPVT) and heart failure. CPVT links to point mutations in specific domains of the cardiac
ryanodine receptor (RyR2). Similar mutational clusters in RyR1 (skeletal muscle) cause malignant
hyperthermia and central core disease suggesting common mechanisms of dysfunction underlying
cardiac and skeletal muscle pathologies, leading to the domain interaction hypothesis. Peptides
complimentary to N-terminus and central domain mutational clusters activate RyR by disrupting
interaction. RyR1/2 is regulated by calcium, ATP, magnesium, phosphorylation and the accessory
protein FKBP12/12.6. Previous work, on RyR1/2 modulation, assessing phosphorylation in relation
to FKBP12/12.6 stabilisation of channel activity, indicates convergent regulation involving control of
domain interaction sites by phosphorylation, FKBP12/12.6 and other modulators. This study used a
central domain peptide (DP4) and its mutant form (DP4M) to investigate the relationship between
FKBP12, phosphorylation, and other modulators to identify this region of convergent regulation.
Native RyR1 channels, stripped of endogenous FKBP12 and phosphorylated or dephosphorylated,
were shown, by [3H]ryanodine binding, to be fully functional and to be activated by calcium and
ATP. FKBP12 and magnesium were each shown to inhibit channel activity, and phosphorylation
reversed magnesium inhibition. DP4, peptide, synthesised from two sources, activated RyR1 2-fold
in the presence of uM calcium, less than the activity observed with ATP. Magnesium and FKBP12
inhibited RyR1 activation by DP4. In contrast to previous studies, DP4M was not an inactive control
peptide. To investigate this discrepancy, recombinant GST-tagged (R-)DP4M and (R-)DP4 were
generated and neither showed an activatory effect. However, once cleaved of GST, the R-DP4 was
as potent as synthetic DP4 at 10 uM. Experiments with RyR2 demonstrated similar results for
calcium and ATP activation with inhibition by FKBP12.6. The RyR2 central domain peptide (DPc10)
has been cloned and the protein produced.
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Chapter 1

CHAPTER 1; General Introduction

Aberrant calcium handling in skeletal myocytes, manifesting as the condition malignant
hyperthermia (MH), results in patients responding to volatile anaesthetics with skeletal muscle
rigidity, tachycardia, and rising blood pressure which may eventually lead to death if not treated
quickly (MacLennan and Phillips 1992). A number of mutations have identified the ryanodine
receptor type 1 gene (RyR1) as the causal gene for this condition and also central core disease
(CCD), which is a congenital myopathy (MacLennan, Duff et al. 1990; McCarthy, Healy et al. 1990;
Zhang, Chen et al. 1993). CCD symptoms involve hypotonia (decreased muscle tone) and muscle
weakness that is present in infancy and leads to a delay in achieving motor milestones. Patients
with CCD are at high risk of suffering MH during anaesthesia (Zhang, Chen et al. 1993). RyR1
mutations in MH/CCD have been found to result in abnormal calcium channel gating that alters the

channels ability to inactivate and hence induces potentially fatal arrhythmia (Denborough 1998).

In 2001, the first report of a disease linked mutation in RyR2 was published (Priori, Napolitano et al.
2001). Many more have been discovered since, in analogous regions to those in RyR1 found to
cause MH/CCD (Marks, Priori et al. 2002). In RyR2 these mutations manifest as arrhythmogenic
right ventricular dysplasia (ARVD) or catecholaminergic polymorphic ventricular tachycardia
(CPVT) (Priori, Napolitano et al. 2001). CPVT patients exhibit no abnormal phenotype at rest,
however, may suffer lethal arrhythmia triggered by physical or emotional stress (Priori, Napolitano

et al. 2002).

The pathological role of CPVT-linked RyR2 mutations has been evaluated and shown to result in
similar channel hyperactivity to that seen in MH. The nature of the arrhythmias common to CPVT
and MH are also a common feature of heart failure (HF) (Yano, Yamamoto et al. 2005) and thus
modulation of RyR1/2 functionality has been the subject of extensive medical research since the
discovery that this calcium channel is a crucial factor in cardiac disease and sudden cardiac death

(SCD) (Phrommintikul and Chattipakorn 2006).
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Chapter 1

The RyR was first purified from the SR by Makoto Inui using a CHAPS detergent supplemented
with phospholipid to solubilise the membrane and was visualized using electron microscopy (Inui,
Saito et al. 1987). The size of the RyR polypeptide was estimated by northern blot analysis to be
about 550 kilodaltons (kDa) (Marks, Tempst et al. 1989), but the mass of the receptor was found to
be 2.3 + 0.3 megadaltons using scanning electron microscopy of unstained receptors, making it the
largest channel known (Fleischer 2008). Once the full amino acid sequence became available for
skeletal muscle RyR, the size was confirmed as 565.233 kDa (Takeshima, Nishimura et al. 1989).
This difference was reconciled by the suggestion that dividing 565,000 into 2.3 million meant that
the RyR existed as a homotetramer, consisting of four identical subunits. Further evidence for the
existence of the RyR homotetramer was found by Lai et al in 1988 who successfully purified the
receptor from native tissue using sucrose density gradient centrifugation and used zwitterionic
detergent to generate RyR monomers (Lai, Erickson et al. 1988). The RyR from the heart was also

purified and the mass found to be similar to that for skeletal muscle (Otsu, Willard et al. 1990).

Three different isoforms of the RyR have been cloned. These have been designated as skeletal
(RyR1) (Takeshima, Nishimura et al. 1989), cardiac (RyR2) (Otsu, Willard et al. 1990; Tunwell,
Wickenden et al. 1996) and brain (RyR3) (Jeyakumar, Copello et al. 1998), although combinations
of different isoforms do exist in specific tissue, these are the tissues from which the isotypes were
originally clqned. The amino acid sequences of all three isoforms share a high degree of sequence
homology (66-70%). Major variations occur in three regions known as divergent regions 1, 2 and 3.
~90% of the RyR bolypeptide chain forms the cytoplasmic domain that modulates channel function.
The remaining 10% of the channel sequence (C-terminal region) forms the transmembrane and

pore regions (Sorrentino and Volpe 1993).

1.2 Excitation- contraction coupling in muscle

Excitation-contraction coupling (ECC) is the process by which an electrical excitation of a
contractile cell (myocyte) results in a physical movement of the muscle tissue (Bers 2002). This is a
particularly important cycle when considering cardiac muscle, which results in the rhythmical

contraction of the heart to propel blood around the body. Calcium is an essential messenger in
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ECC as it is the direct activator of the myofillaments, actin and myosin, which cause the cellular

contraction (Bers 2004)

1.3 Compartmentalisation

Skeletal and cardiac myocytes have a highly organised and typical intracellular architecture. This
organisation is vitally important to the process of ECC (Bers 2004). The mammalian skeletal
muscle fibre (myofibre) consists of hundreds of myofibrils which extend the full length of the
myofibre (possibly many centimetres long and ~100 um diameter). Myofibrils consist of linear
arrays of sarcomeres, the fundamental units of muscle contraction. Thick myosin filaments slide
between thin filaments, which consist of actin and regulatory subunits such as troponin or
tropomyosin, to result in the shortening of the sarcomere during muscular contraction (Fleischer
2008). In spite of the large size of the myofibre, the depolarization is rapidly transferred
longitudinally along the full length of the fibre, as well as transversely along the transverse tubules,
to within the muscle fibre. Transverse tubules are invaginations of the plasma membrane
(sarcolemma) and are associated with the SR, forming a network system (Brette and Orchard
2003). The transverse tubules are junctionally associated with the terminal cisternae of the SR to
form an intracellular junction or triad junction (Saito, Seiler et al. 1984). The ‘foot’ region of the RyR
sits between these two membranes, with its transmembrane region passing through the SR
membrane so that the luminal portion is immersed in the cellular calcium store (Franzini-Armstrong,
Protasi et al. 1999). Skeletal muscle contraction does not require external calcium for activation
(depolarisation ind.uced calcium release), however the cardiac muscle of the heart is dependent on
calcium influx via the voltage gated L-type calcium channel (LCC) in the sarcolemma to trigger
further calcium release from the SR (calcium induced calcium release- CICR) via RyR2, a term first
proposed by Fabiato et al in 1979 (Fabiato and Fabiato 1979). Skeletal muscle RyR(1) is
mechanically linked to the LCC, via allosteric interaction, meaning that activation of the LCC opens

the RyR directly (Cheng, Altafaj et al. 2005).
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which can trigger arrhythmia. RyR2 must close to maintain the fidelity of the heart beat but the
underlying mechanisms leading to closure have been difficult to ascertain, primarily because of the
many factors affecting calcium currents within the cell (Bers 2002). However likely causes of RyR2
closure include decreased luminal calcium, detection of high calcium in the dyadic cleft and
potential inherent properties of the RyR acting to modify channel gating, as discussed in section

1.10.

When the calcium content of the SR is comparatively low, the inward calcium trigger may be
unable to elicit SR calcium release (Bassani, Yuan et al. 1995). This assists calcium reuptake into
the SR upon its relative depletion. A reduction in SR calcium release enables greater calcium influx
through inward LCCs, due to reduced calcium-dependent inhibition, and through a shift in the
action of the NCX away from calcium efflux. A reduction, even locally, in SR calcium load may
result in inhibition of CICR. The total calcium content of the SR may be increased as a result of a
rise in the calcium influx or a reduction in calcium efflux. It may also be achieved through more
efficient SR calcium uptake as a direct result of B-adrenergic receptor (8-AR) stimulation, greater
frequency of stimulation, increased action potential duration and raised intracellular calcium or

sodium (Bers 2002).

1.7 Requlation of ECC by adrenergic drive (Flight or fight response)

Physical or emotional stresses result in activation of the B-AR/PKA signalling pathway. $-AR
stimulation result‘s" in both a positive inotropic and a positive lusitropic response. Inotropy is the
measure of the strength of muscular contraction and an increase is associated with faster
contractile events. Lusitropy, the measure of muscular relaxation, is increased to return the
myocyte to a ground state enabling further contractions. Stimulation of B-AR, on the surface of the
myocyte (Figure 1.4), by norepinephrine or epinephrine (Epi/Norepi) results in activation of the
receptor-coupled G-protein (a, B and y complex) and subsequent release of the GTP-bound G,
subunit. This subunit binds to and activates adenylyl cyclase (AC), which in turn produces the PKA
activator cyclic adenosine monophosphate (cAMP). The now active PKA is able to phosphorylate
many of the ECC-related proteins including phospholamban (PLB), LCC (/z,), troponin |, myosin

binding protein C and RyR (Bers 2002).

10
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Chapter 1

state open probability of single RyRs in bilayers, and suggested this to be a result of FKBP12.6
dissociation from RyR2 (Marx, Reiken et al. 2000). They attributed thev reduced SR calcium, as
seen in HF, to the finding that RyRs were hyperphosphorylated. However, alternative experimental
models involving permeabilised myocytes have shown no change in resting SR calcium leak in
relation to PKA-dependent RyR2 phosphorylation where the SR calcium load remained stable (Li,

Kranias et al. 2002).

SR calcium release, in response to the inward calcium trigger signal, may also be altered by the
level of RyR phosphorylation, but results concerning this are disparate, and thus the level of control
exerted by phosphorylation remains elusive (Song, Wang et al. 2001; Ginsburg and Bers 2005).
The finer details of calcium handling with respect to the RyR are particularly challenging to
measure in intact cells, because both a rise in intracellular calcium and an increase in SR calcium

uptake make isolation of intrinsic RyR effects a significant challenge (Bers 2002).

Local signalling, assisted by the macromolecular complex of the RyR, is also important in the B-
adrenergic cascade. LCC form an assembly with B-AR, G-proteins, AC, PKA and PP2A and the
close physical proximity of these proteins may be functionally essential to enable rapid cellular

signalling (Bers and Ziolo 2001; Marx, Reiken et al. 2001).

Catecholaminergic stimulation of the heart as part of the sympathetic nervous system activation
during stress (fight>or flight response) has been linked to PKA phosphorylation of RyR2 at S2808
(Wehrens, Lehnart et al. 2006) and S2030 (Xiao, Jiang et al. 2005; Xiao, Tian et al. 2007). The
relative importance of these two sites with regard to the role of RyR regulation during ECC, and
particularly in pathology (Jiang, Lokuta et al. 2002; Xiao, Sutherland et al. 2004; Xiao, Tian et al.

2007), is disputed.

1.8 Calcium/calmodulin-dependent protein kinase Il (CaMKIl)

The RyR complex also associates with CaMKII, potentially through mutual binding to calcineurin
(Wehrens, Lehnart et al. 2004), although the specific interacting site of CamKIl with RyR has not

yet been identified. CaMKIl phosphorylation has been suggested to increase single channel RyR2

12
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open probability but to a smaller extent than PKA phosphorylation (Wehrens, Lehnart et al. 2004).
Mutagenesis studies have confirmed S2814 as a CaMKIl site (Marx, Reiken et al. 2001), although
there are potentially more sites for this kinase, as discussed in section 1.10.1. CaMKI| is activated
by increased levels of calcium or calmodulin, for example when intracellular calcium is increased
upon B-AR regulation (Zhang, Khoo et al. 2005). This kinase features three subunits featuring three
key domains. The association domain directs assembly, the regulatory domain controls enzyme
activation and auto-inhibition and the catalytic domain performs the kinase function of CaMKII.
Upon binding of calcium or calmodulin, the kinase undergoes a conformational change whereby
the regulatory domain inhibition of the kinase domain is relieved (Hudmon and Schulman 2002;
Rosenberg, Deindl et al. 2005). This enables enzyme activation, however, in sustained calcium or
calmodulin presence, the enzyme is able to self phosphorylate at a site which prevents
reassociation of the regulatory domain with the kinase region, preventing autoinhibition. This self
phosphorylation results in calcium/calmodulin independent activity and enables CaMKII to sustain
its kinase activity which may result in excessive phosphorylation coincident with disease pathology

(Hudmon and Schulman 2002).

1.9 Ryanodine receptor dysfunction in skeletal muscle and cardiac diseases

The involvement of RyR in cardiac disease has been recognised by its association with
arrhythmogenesis in HF, ventricular outflow tract tachycardia and CPVT. This arrhythmia is defined

as DADs, or ‘trigg’e‘red arrhythmia’ which may be fatal and hence result in SCD.

Waves of calcium release have been shown to activate DADs. Calcium waves occur during
diastole, if calcium release from the SR occurs in the absence of an inward calcium trigger.
Diastolic calcium release activates NCX, which depolarises the cell and the resulting inward current
can trigger a DAD (Scoote and Williams 2002; Pogwizd and Bers 2004). The initial cause for this
SR calcium release, or leak, is an overloaded SR store, which occurs due to an imbalance between
calcium entry into the cell and efflux out of the cell (Trafford, Diaz et al. 2001). Increased SR
calcium content increases the open probability of the RyR and decreases the threshold for calcium
release (Cheng, Lederer et al. 1996), enhancing the likelihood of a calcium wave and hence

arrhythmia.
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Experimental models with myocytes have used caffeine, in addition to a @-adrenergic stimulant, to
increase RyR open probability, which results in initial production of calcium waves, and DADs,
which become progressively smaller and then disappear. It has been observed that before adding
the caffeine, the calcium content of the SR is constant from beat to beat, suggesting a perfect
balance between influx and efflux. However, the waves of calcium efflux generated by caffeine
result in a net loss of calcium, meaning that there is an overall decline in SR calcium compared
with the control. At the end of a calcium wave, the decrease in SR content has been shown to be
equal to the amount of calcium removed during that wave, indicating an inability to replenish the

calcium store (Venetucci, Trafford et al. 2007).

The idea of an SR calcium store threshold, which must be overcome before calcium efflux from the
SR will occur, has been backed by many experiments, and has resulted in the term store overload
induced calcium release (SOICR) (Jiang, Wang et al. 2005). This threshold for calcium release has
been attributed to the properties of the RyR, where an increased open potential of the RyR
decreases the threshold for calcium release (Xiao, Tian et al. 2007). Conversely, decreasing the
open probability of the RyR with tetracaine, a channel blocker, increases the threshold for calcium
release (Venetucci, Trafford et al. 2006). In addition to this, DADs are known to be prevented by

ryanodine, which is a specific blocker of the open state RyR (Song and Belardinelli 1994).

1.9.1 Calcium and érrhythmias in Heart Failure

Persistent pathological stress on the heart, such as HF, results in long term compensation and
remodelling of cardiac ECC as SR calcium content is reduced, and intraceliular free calcium
increases. Reduced calcium pumping by SERCA and increased SR calcium leak via RyR2 result in
this reduced SR calcium content and raised intracellular calcium, hence there is a loss of calcium
homeostasis. There is good evidence that DADs contribute significantly to many ventricular
arrhythmias seen in HF (Pogwizd and Bers 2004). A study on a small group of patients with dilated
cardiomyopathy suggested that arrhythmias are caused by a focal mechanism involving triggered

activity and DADs (Pogwizd, McKenzie et al. 1998).
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A paradox exists in HF, where decreased SR calcium content (resulting in smaller contractions) is
observed, yet an increased prevalence of arrhythmia (linked to SR cglcium overload) is also
apparent. A potential explanation for this is that the threshold for SR calcium release is reduced as
a consequence of HF, which may be due to a change in the properties of RyR. It has been reported
that RyR2 becomes excessively phosphorylated (hyperphosphorylated) in HF, which may result in
dissociation of the stabilising protein FKBP12.6 from RyR2 and lead to reduced threshold for SR

calcium (Marx, Reiken et al. 2000; Wehrens, Lehnart et al. 2006).

Spontaneous calcium release has been shown to be increased in rats with HF, suggesting a
reduced threshold for SOICR (Obayashi, Xiao et al. 2006). This is consistent with the finding of
increased sensitivity to luminal calcium in single RyR2 channels isolated from failing canine hearts
(Li and Chen 2001). The Chen group hypothesize that RyR2 sensitivity to luminal calcium is the
primary determinant of SOICR threshold and that PKA phosphorylation (due to B-AR stimulation) of
RyR2 reduces the threshold for SOICR (Figure 1.7). This elicits no calcium leak in normal cells,
because this reduced SOICR threshold is still higher than the increased SR calcium store level.
However, in abnormal (HF) SR, the threshold for SOICR is already reduced, due to cellular
remodelling over time, so that during stressful conditions, the PKA phosphorylation of PLB
activating SERCA results in abrupt overloading of the SR with calcium. Hence DADs occur and
triggered arrhythmia (Xiao, Tian et al. 2007). Treatment by B-AR antagonists (B-blockers) is able to

restore the SR calcium level as they prevent the stress-related PKA phosphorylation response.

15
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RyRs has shown that the probability they are open at low cytosolic calcium concentrations is
greater than for wildtype RyRs (Wehrens, Lehnart et al. 2003) (Jiang, Xiao et al. 2004) and that
DADs are also more likely to occur in cells expressing mutant forms of RyR or CSQ (Liu, Colombi
et al. 2006). That this condition is only unveiled under conditions of stress places direct focus on
the importance of PKA phosphorylation as a trigger for the resultant arrhythmias, therefore the

mechanism involved in CPVT arrhythmia may be linked to that of HF.

1.9.3 Drug therapy for CPVT

B-blockers were the first therapeutic option for CPVT because of the link between stress and
arrhythmic symptoms. Initial clinical observations suggested this drug was effective in preventing
arrhythmic events in CPVT patients (Leenhardt, Lucet et al. 1995), however, longer term follow up
studies have suggested cardiac arrhythmias do still occur in patients, and one study has reported
mortality rates in CPVT patients as high as 19%, for those using B-blocker therapy (Sumitomo,
Harada et al. 2003). Implantable cardioverter defibrillator therapy (ICD) has been used as an
alternative for patients not responsive to B-blockers, this device delivers a small series of shocks
upon detection of arrhythmia, but death has been shown to occur despite the device being in place

in a few documented cases (Uwais, Michael et al. 2006).

The experimental drug K201, a derivative of the benzothiazepine class of voltage-gated channel
blockers, has been proposed to stabilise the binding of FKBP12.6 to RyR2 and hence result in
normalised chan.nel function (Yano, Kobayashi et al. 2002; Wehrens, Lehnart et al. 2004).
However, the validity of FKBP12.6 dissociation linked to CPVT has been questioned, with some
studies suggesting the mode of action of K201 is independent of FKBP12.6 (Hunt 2007; Blayney,
Jones et al. 2010). One knock in mouse model has shown that mutations in the N-terminal and
central RyR domains, regions where CPVT mutations reside, result in defective domain
interactions which result in channel destabilisation (see domain interaction hypothesis section
1.10.3). The effect of these mutations can be corrected by the K201 drug (Tateishi, Yano et al.
2009). Previous studies in this group have shown K201 to stabilise RyR2 in [*H]ryanodine binding
studies, in spite of an absence of FKBP12.6 as RyR channels were stripped of FKBP12.6 prior to

the experiment. In parallel surface plasmon resonance (SPR) experiments assessing the binding
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affinity of FKBP12.6 for RyR2, the affinity was found to be reduced in the presence of K201. The
lack of an additive effect seen in the [*H]ryanodine binding studies has lead to the suggestion of a

common site of regulation for both K201 and FKBP12.6 (Blayney, Jones et al. 2010).

K201 has also been shown to have an inhibitory effect on the SERCA, suggesting there may be
more than one site of action for the drug (Loughrey, Otani et al. 2007), indeed, K201 lacks
specificity for the RyR2 channel, so its beneficial effects may be a result of this broader range of

action.

Some studies have provided evidence against the use of K201 as an anti-arrhythmic drug. In one
knock in mouse model featuring a CPVT mutation, K201 had no protective effect on
catecholamine- induced DADs (Liu, Colombi et al. 2006). A more recent study has also suggested
that the effects of K201 may only be beneficial to certain mutations, given that aberrant domain-
domain interaction incurred by a mutation in the |I-domain was not corrected by K201 (Tateishi,

Yano et al. 2009).

Another drug from the same family as K201, S107 is thought to have higher specificity for RyR2 as
it prevented arrhythmias in an alternative knock in mouse CPVT model, also by apparently
encouraging FKBP12.6 binding (Lehnart, Mongillo et al. 2008). This drug has shown promising
results so far in experiments, however has not been fully tested as yet (Bellinger, Reiken et al.

2009).

Some studies have suggested Verapamil to be a suitable alternative treatment option for CPVT.
This has already been used in combination with B-blockers to treat CPVT (Rafael, Jonathan et al.
2007). Verapamil is classed as an LCC blocker, therefore effects seen are considered to be
indirectly linked to RyR2 due to a reduction in the trigger calcium during an action potential. In spite
of this, the drug has actually been shown to bind directly to the RyR2 channel, reducing open
probability (Valdivia, Valdivia et al. 1990). In cases where the combination of Verapamil and B-
blockers are ineffective, the anaesthetic Flecainide has been proposed as an alternative. This drug

is a cardiac sodium channel antagonist, which is now also thought to block RyR2 (Watanabe,
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Chopra et al. 2009). Single channel experiments have demonstrated the ability of Flecainide to
increase the frequency of closing events, and in a CSQ mutant model of CPVT, it decreased the
frequency of arrhythmogenic calcium waves without altering the SR calcium load, suggesting this
drug does not act by altering the balance of SR calcium flux. This drug has also been shown to
induce a subconductance channel state of the RyR, which occurs when the channel is open,
implying a direct physical blocking mechanism of action (Hilliard, Steele et al. 2010). The effects of
Flecainide need to be further investigated, partly due to its non-specific mode of action, and also
because of potential pro-arrhythmic effects in HF patients with ventricular tachycardia (Echt,
Liebson et al. 1991). This drug has also been withdrawn from one study, due to increased loss of

consciousness in CPVT patients (Sumitomo, Harada et al. 2003).

Dantrolene is another candidate drug for CPVT treatment. This drug is commonly used to treat MH,
and binds at a site in the N-terminus region of the RyR1, but is known to also bind to RyR2.
Dantrolene has been shown to stabilise channel domain interaction in one model of HF, using
isolated SR and cardiomyocytes from either normal or rapidly paced dogs treated with CPVT
mimicking domain peptides capable of disrupting natural domain interaction (Kobayashi, Yano et
al. 2009). It has also recently been used in fluorescence resonance energy transfer (FRET) studies
assessing labelled N-terminal and central domain interaction which generated FRET on mutual
interaction. Dantrolene was shown to stabilise the RyR2 domain in the presence of activatory

peptides, restoring ‘zipping’ between subunits and thus generating FRET (Liu, Wang et al. 2010).

1.9.4 Malignant Hyperthermia

MH and CCD are disorders linked to the skeletal muscle isoform (RyR1). MH mutations cluster into
three distinct regions or ‘hot-spots’ of the coding sequence, corresponding to those in RyR2 linked
to CPVT. Thus it has been suggested that these C-terminal, N-terminal and central domains may
represent modulatory regions, proposed to interact and stabilise channel function (Yamamoto, El-
Hayek et al. 2000). MH mutations were identified a decade earlier than those causing CPVT in
RyR2 (MacLennan, Duff et al. 1990) but the corresponding nature of MH triggered by anaesthetics
and of DADs triggered by stress in CPVT leads to the belief of many groups that these mutational

clusters are related to a common mechanism of RyR regulation and pathology (Yamamoto, El-
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1991; Wehrens, Lehnart et al. 2003). Insertion of a permanently phosphorylated mutation at the
site in question was then found to increase open probability coincident with FKBP12.6 dissociation,
suggesting an alternative kinase may be acting on this site. RyR2 channels featuring recombinantly
expressed mutations were then shown by this group to have reduced affinity for FKBP12.6
following PKA phosphorylation, suggesting this kinase to be the most important (Wehrens, Lehnart

et al. 2003).

An alternative site for PKA phosphorylation at S2030 has been proposed and this site was shown
to be phosphorylated after B-AR stimulation of rat cardiac myocytes but not before, whereas the
$2808 site remained unchanged (Xiao, Tian et al. 2007). It was proposed that phosphorylation at
S2808 did not affect FKBP12.6 binding and that FKBP12.6 dissociation was not concurrent with
mutant RyR2 dysfunction. Single channel studies have also implicated S2030 mutants as reducing
the activating effect of PKA, where S2808 had no effect, adding to the idea that this may be the
more relevant site of phosphorylation (Xiao, Tian et al. 2007). In addition to this, RyR2
phosphorylation at both sites was suggested to be unchanged in failing and non-failing canine
hearts, placing the hyperphosphorylation theory into question (Wehrens, Lehnart et al. 2006).
Knock in mouse models of CPVT have further complicated the phosphorylation story. Two of three
models studied have shown similar wildtype (WT) and mutant RyR2-FKBP12.6 interaction and
52808 phosphorylation both before and after -AR stimulation (Kannankeril, Mitchell et al. 2006;
Liu, Colombi et al. 2006; Fernandez-Velasco, Rueda et al. 2009). A more recent model then
showed dramatic differences in the WT and mutant, suggesting the effect of mutations may be
more complicated than originally thought and there may be specific mechanisms linked to mutant

heterogeneity (Thomas, George et al. 2004; Lehnart, Mongillo et al. 2008).

It has been suggested that the hyperphosphorylation observed in HF may actually be due to
CaMKiIl, hence the discrepancies in experimental findings linked to PKA phosphorylation (Xiao,

Tian et al. 2007).

Wehrens et al have found another site of CaMKII phosphorylation at S2814 (Wehrens, Lehnart et

al. 2004) and CaMKII activation has been increasingly related to sympathetic adrenergic drive, with
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other possible sites of action suggested in the literature (Rodriguez, Bhogal et al. 2003). S2814
phosphorylation of RyR has been shown to potently activate the channel and evidence suggests
that abnormal phosphorylation by CaMKIl may be a key factor in aberrant RyR function (Ai, Curran
et al. 2005; Ferrero, Said et al. 2007). It may be the case that PKA and CaMKI! activity are not
independent of one another, and that PKA activation, due to B-AR stimulation, and thus increased
calcium transients, may then affect activation of CaMKIl (Ferrero, Said et al. 2007). Alternatively,
there may be PKA independent activation of CaMKII via a cAMP-activated protein named Epac.
CaMKII activation via Epac has been shown to result in S2814 phosphorylation and this protein has
also been linked to increased SR calcium leak in adult rat cardiomyocytes in the presence of
phosphorylation by CaMKII (Pereira, MAGtrich et al. 2007). As yet, little is known of the importance
of CaMKI!I linked with CPVT and further research is required to elucidate the exact mechanism for

activation and the effect of this kinase.

In addition to these findings, work within this group has shown a reduced affinity of RyR2 for
FKBP12.6 caused by PKA phosphorylation of isolated RyR channels, which was not translated into
increased open probability of channels in [*H]ryanodine binding (Blayney, Jones et al. 2010). This
finding points to a conformational change of RyR incurred by PKA phosphorylation at a level
difficult to detect in many experimental models, which would explain the lack of PKA effect

suggested by several groups.

1.10.2 Redox effects

Catecholamine induction stimulates the release of reactive oxygen species (ROS) which may have
an effect on mutant RyR2 function in patients exhibiting heightened sensitivity to these (Zhang,
Kimura et al. 2005). Oxidative stress is measured as the number of free thiols, or reduced cysteine
residues present on the RyR. Redox modification of RyR2 has been linked to calcium leak from the
SR in HF, even though the level of redox sensitivity of FKBP12.6 bound to RyR2 remained
unchanged in WT and mutant channels (Zhang, Kimura et al. 2005; Mochizuki, Yano et al. 2007;
Zissimofolilos, Thomas et al. 2009). Carvedilol (CV) is a B-blocker with an antioxidant effect, which
was shown to prevent HF in dogs subjected to chronic pacing. CV treated failing hearts have

shown heightened free thiol levels compared with untreated failing hearts, suggesting this drug
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may be valid for restoring normal RyR2 oxidation levels in mutant channels. An oxidative agent
SIN-1 was able to reduce the number of free thiols of RyR2, but when added in conjunction with
CV, free thiols were increased. This suggests that the stabilising effect of CV can be attributed to
its prevention of RyR2 oxidation. CV was also shown to reduce caicium leak triggered by SIN-1,
however, the addition of the DPc10 domain peptide, proposed to disrupt interdomain interaction of
RyR2, completely abolished this CV effect. This would suggest that benefits of CV link to
restoration of the defective domain interaction proposed in failing cardiomyocytes by reducing the

oxidative stress level of RyR2 (Mochizuki, Yano et al. 2007).

CaMKII activation has also been linked to oxidation, implying that stabilising effects of CV may also
be linked to reduced phosphorylation levels. Oxidation of methionine residues in the regulatory
domain of CaMKIl induces sustained kinase activity in the absence of calcium or calmodulin, and it
is suggested that oxidation can directly modify the autoinhibitory region of CaMKIl, in a mechanism
analogous to autophosphorylation which enables this calcium/calmodulin independent activity

(Erickson, Joiner et al. 2008).

1.10.3 Cytosolic and luminal calcium sensitivity

As calcium -is the primary agonist of RyR2, it makes sense that fluctuations in calcium
concentration will directly affect channel functionality. Recent mouse models have placed focus on
increased calcium sensitivity as a common feature of mutant dysfunction. This is reflected in an
increased level of [*H]ryanodine binding, and increased spark frequency in permeabilised myocytes

(Fernandez-Velasco, Rueda et al. 2009).

As mentioned previously, low doses of caffeine result in DADs in cardiomyocytes in the presence
of B-AR stimulation due to increased calcium sensitivity, suggesting a direct link to arrhythmia
(Venetucci, Trafford et al. 2006). It is well known that RyR is regulated by calcium at both a luminal
and a cytosolic site and increased luminal (SR) calcium sensitivity has been reported for most of
the characterised CPVT mutants (Jiang, Xiao et al. 2004; Jiang, Wang et al. 2005). Some of these
mutants exhibit diastolic leak, with an increased open probability at sub-activatory trigger (cytosolic)

calcium levels compared to WT channels, in the absence of any phosphorylation treatment (Jiang,
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Xiao et al. 2004). However, other mutants have reduced sensitivity to trigger calcium and
subsequent CICR, suggesting that these mutations affect deactivation of the channel, rather than

activation (Thomas, Lai et al. 2005).

The recessive form of CPVT, linked to a cardiac CSQ mutation, has been shown to result in
aberrant luminal calcium sensitivity (Viatchenko-Karpinski, Terentyev et al. 2004). CSQ is an RyR
accessory protein which has a low affinity for calcium and therefore may serve to monitor and
buffer luminal calcium levels to maintain homeostasis (Mitchell, Simmerman et al. 1988). Calcium
release from the SR has been shown to rise at a faster rate as calcium concentration within the SR
increases. This would correlate with potential saturation of SR buffering proteins, such as CSQ
(Shannon, Ginsburg et al. 2000). Certain CSQ mutations have been suggested to modify the
calcium buffering or the RyR2 interaction ability of CSQ. Interactions with other accessory proteins,
such as triadin are also altered in CSQ mutants but have not been tested in the RyR2 CPVT
mutants. Triadin may act in complex with CSQ, along with junctin, another luminal protein (Gyorke,
Hester et al. 2004). Mouse models suggest that ali types of disease-linked CSQ mutant affect the
ability to restore RyR2 calcium release to its normal state, thus preventing aberrant calcium release
which may cause arrhythmia. CSQ knock-out mice have also shown increased SR volume,

demonstrating a possible compensation for its loss (Knollmann, Chopra et al. 2006).

There may also be a link between luminal calcium activation and phosphorylation, as mentioned
earlier, so that PKA only stimulates channel open probability in the presence of luminal activation
(SR calcium beyond threshold level) (Xiao, Tian et al. 2007). The specific effects of luminal or

cytosolic calcium are difficult to determine

1.10.4 Channel inter-domain interaction

Peptide studies have shown that interacting domains of RyR1 and RyR2 can be disrupted by single
base mutations specific to MH (RyR1) or CPVT (RyR2), leading to channel instability and diastolic
leak, indicating that these interactions are essential to channel closure and may be involved in a
conformational change which is implicated in RyR calcium release (Yamamoto and lkemoto 2002;

Yang, lkemoto et al. 2006). Domain peptides corresponding to portions of the N-terminal (590-639)
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and central domain (2460-2495) (Dpc10) of RyR2 have been shown to enhance Hiryanodine
binding to cardiac SR preparations suggesting an increased open probability. Increased calcium
release from the SR has also been shown in the presence of these peptides, with increased
sensitivity to both luminal and cytosolic calcium evident in permeabilised cardiomyocytes,
suggesting a replication of mechanisms involved in CPVT (Yang, lkemoto et al. 2006). These
findings have lead to the interdomain interaction hypothesis by the lkemoto group. They suggest
that competitive binding of central domain peptide to the N-terminal of the channel, and conversely,
binding of the N-terminal domain peptide to the central domain of the channel, disrupt the natural
intramolecular interactions that would normally stabilise the channel in its resting state. Introduction
of a CPVT mutation (R2474S) into the central domain peptide was shown to eliminate the
activating effect, indicating that the mutation was sufficient to disturb interaction with the N-terminus
and thus disrupt channel regulation. It was therefore proposed that defective interaction between
these two domains, caused by a single point mutation, could represent a mechanism underlying

RyR dysfunction in arrhythmia (Yamamoto and lkemoto 2002).

Use of peptides has been extended to other RyR2 domains and cross linking studies have
confirmed the region of peptide binding on the RyR1 isoform as being between the N-terminus and
central domains (Hamada, Bannister et al. 2007). The DPc10 equivalent for RyR1 is DP4, the
mutant of which features an MH specific mutation of the central domain. The DP4 peptide has been
shown to activate RyR1 in a similar fashion to DPc10 in RyR2 studies (Yamamoto, El-Hayek et al.
2000), which are discussed in more detail in chapter 6. One group has used a fluorescence quench
study to assess potential disruption of domain interaction in the presence of peptides from three
different regions of RyR2, including DPc10. A quenching molecule only had access to the
fluorescent label if the bound domain regions were unzipped (Tateishi, Yano et al. 2009). All three
peptides were thus shown to disrupt inter-domain interaction and to increase SR calcium leak, as
well as increasing ryanodine binding of SR vesicles. It would seem that the level of instability
induced by these peptides may be variable however, given that one peptide used in the previously
mentioned study, corresponding to the I|-domain of RyR2 and proposed to bind to the
transmembrane cytoplasmic loop (George, Jundi et al. 2004), did not exhibit a reversible effect on

wash out (Tateishi, Yano et al. 2009). This suggests that mutations in this region do not result in
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(Nagasaki and Kasai 1983) (Kirino, Osakabe et al. 1983) (Meissner, Rousseau et al. 1988) (Lai,
Misra et al. 1989; Mickelson, Litterer et al. 1990) However, maximal activation of the channel is
only obtained in the presence of ~1 mM ATP (Xu, Mann et al. 1996; Kermode, Williams et al. 1998)
and it has been widely reported that magnesium at mM concentrations will completely inhibit the
open probability of the channel. Magnesium and ATP are therefore also key regulators of the RyR
channel and it is generally believed that magnesium competes with calcium for the activating sites
(A-site), or that magnesium can bind to low-affinity, inhibitory, non ion-selective sites (I-site) that
can also mediate calcium inhibition of the channel (Kirino, Osakabe et al. 1983; Nagasaki and
Kasai 1983; Meissner 1986) Intracellular free magnesium is normally 0.5-1 mM in cardiac
myocytes, however at physiological ATP- 5 mM, magnesium only modestly inhibits RyR2 gating at
2 mM concentration. Since ATP and magnesium do not change rapidly during ECC these levels
may set the physiological calcium sensitivity of the RyR (Xu, Mann et al. 1996). However, during
ischemia, a common feature of tachycardia, free intracellular magnesium increases several fold as
ATP falls, because ATP is a major magnesium buffer, this has been suggested to reduce RyR

sensitivity to calcium (Murphy, Steenbergen et al. 1989).

Reduced magnesium inhibition and increased calcium sensitivity were found in MH (Meissner
2002). It has been reported that ATP can open the RyR from skeletal muscle even under
conditions where almost no free calcium is present. (Dias, Szegedi et al. 2006) The biphasic
response to calcium may be explained by the presence of activating calcium sites on RyR with a
high calcium affinity, as well as low affinity, inhibitory calcium binding sites. Dias et al show a total
of eight nucleotide binding sites are located on RyR1 from skeletal muscle and they propose that
ATP binding at all eight sites on the RyR tetramer stabilizes an open channel conformation or
primes the channel for opening events, while binding of ATP to only four of the sites correlates to
closed channel conditions, suggesting there may conformational change of RyR linked to ATP

binding (Dias, Szegedi et al. 2006). Magnesium and ATP binding site locations are not yet known.
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1.11.2 Accessory protein modulation

FK506 binding protein

As previously mentioned, dissociation of the FK506 binding protein FKBP12.6 from RyR2 has been
implicated in HF and RyR2 linked arrhythmias (Marx, Reiken et al. 2000; Yano, Ono et al. 2000).
Although the cause of this dissociation has been the subject of much controversy, it is known that
FKBP12.6 dissociation results in excess calcium release from the SR (McCall, Li et al. 1996). It has
also been shown by our group that FKBP12.6 reduces ryanodine binding by approximately 50%,
suggesting a reduction in RyR2 open probability, and a reduced affinity for the channel in its open
conformation (Blayney, Jones et al. 2010). FKBP12.6 has been suggested to coordinate the
opening of neighbouring RyR2 channels, from single channel studies (Marx, Gaburjakova et al.
2001). Although it is established that one FKBP12.6 binds to each subunit of RyR2, it is unknown
exactly where this protein binds (Meissner 2002). The RyR1 equivalent, from the same family, is
named FKBP12 and has been suggested to have similar stabilising effects on this RyR1 isoform

(Avila, Lee et al. 2003).

Calsequestrin

The role of CSQ as a luminal regulatory protein has already been discussed in section 1.10.2. It
has been suggested that CSQ communicates with the RyR through interaction with triadin and
junctin, although there is evidence that CSQ may be able to bind RyR in their absence as well
(Herzog, Szegedi-et al. 2000). Binding of calcium by CSQ causes a major conformational change
in the molecule (Mitchell, Simmerman et al. 1988) however CSQ also possesses a similar affinity
for magnesium (lkemoto, Nagy et al. 1974) and there is no known active transport of magnesium
across the SR membrane therefore CSQ is an important modulator of luminal magnesium
concentrations. The effect of luminal magnesium concentration on RyR is little known, but a recent
study assessing sheep RyR2 in lipid bilayers, proposes that luminal magnesium does in fact play a
key role in RyR2 calcium release by inhibiting at activatory calcium concentrations (Laver and

Honen 2008).
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Triadin and Junctin

Triadin and junctin, which have luminal and transmembrane regions (Zhang, Kelley et al. 1997) and
are found in many tissues where they are thought to have ubiquitous roles in calcium signalling.
CSAQ knockout mice have been shown to have suppressed expression of junctin and triadin but the
roles of these proteins in mediating regulation of the RyR by CSQ and the résponse to luminal
calcium have not been established. Overexpression of triadin has been correlated with a
predisposition to arrhythmia in cardiomyocytes (Terentyev, Cala et al. 2005) and junctin
overexpression has been associated with a reduced SR calcium load (Kirchhefer, Hanske et al.

2006).

Sorcin

The calcium binding protein sorcin has been shown to bind to RyR2 with high affinity, inhibiting the
channels activity (Farrell 2004). Shown to reduce the calcium transient amplitude without affecting
that of the inward calcium trigger signal, this modulator appears to inhibit the ‘gain’ of calcium
signalling usually observed in ECC. Sorcin has been localised to the dyadic cleft and, although the
site of interaction has not been established, it has been finked with the LCC (Meyers, Pickel et al.
1995; Meyers, Puri et al. 1998). Whether directly, or indirectly, through association with the LCC,
the depréssive effect of sorcin on RyR activity has been shown to be relieved by PKA

phosphorylation (Lokuta, Meyers et al. 1997; Farrell, Antaramian et al. 2003).

Calmodulin

Calmodulin (CaM) binds to both RyR1 and RyR2 in a 1:1 stoichiometry at a high affinity binding site
(Rodney, Williams et al. 2000). CaM inhibits RyR2 at all calcium concentrations, but only inhibits
RyR1 at the uM concentrations of calcium associated with muscle contraction (Tripathy, Xu et al.
1995; Balshaw, Xu et al. 2001). CaM binds to RyR between residues 3630-3637 and may be
involved in calcium-RyR binding during ECC as its association enhances channel opening and

closing (Balshaw, Xu et al. 2001).
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1.12 RyR structure and function

RyR is a homotetramer with a central calcium pore and each subunit has a molecular mass of
~560 kDa, making RyR the largest known calcium channel protein with a total molecular mass of

>2000 kDa. (Lai, Erickson et al. 1988)

Given the enormous size of the RyR homotetramer and its inherent stability, this protein is suitable
for image analysis by cryo-electron microscopy and electron density maps of the molecule have
been produced at 14 A (Samsé and Wagenknecht 1998; Serysheva, Hamilton et al. 2005) and 30
A (Radermacher, Rao et al. 1994). From these maps, a tetragonal structure, with a large

cytoplasmic region and a transmembrane stalk, has been observed (Figure 1.10).

Sequence analysis has shown that 20% of the C-terminus is made up of hydrophobic helical
regions. These are likely transmembrane domains (Takeshima, Nishimura et al. 1989). A
substantial section of these domains share a high homology with the potassium channel pore loop.
As this channel has been crystallised (Jiang, Lee et al. 2002), comparisons have been drawn
between the two channels in an attempt to hypothesise the likely configuration of the RyR calcium

pore (Welch, Rheault et al. 2004).

According tb topology models, RyR1 and RyR2 are subjected to a conformational change involving
domain rearrangéfﬁents in the transition from the open to closed conductive state. The binding of
FKBP12.6 has also been shown to induce a conformational change in RyR2 (Serysheva, Schatz et
al. 1999; Sharma, Jeyakumar et al. 2006). Through domain mapping studies, it has been
suggested that the N-terminus and the central domains, both sites of CPVT-causing mutations, are
situated at the corners (‘clamp’ regions) of the RyR homotetramer within close proximity of one

another (Liu, Zhang et al. 2001; Liu, Wang et al. 2005).
That so many domains, from various regions of the RyR primary sequence, have been mapped to

this ‘clamp’ region, indicates the possibility of convoluted folding, in the tertiary structure, bringing

together otherwise distant domains (Blayney and Lai 2009).
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Chapter 1

Previous work done by this group has centred on the interaction of RyR1/2 with FKBP12/12.6
which had been highlighted by the suggestion that hyperphosphorylation of RyR, associated with
HF, dissociates these modulatory proteins rendering the RyR leaky. The relationship between
RyR1/2, FKBP12/12.6 and phosphorylation of RyR had been untested in normal physiological
conditions. In cells, or by using SR preparations, the factors modulating RyR function are
numerous and themselves subject to environmental influence. Our unique approach is to study
these interactions in isolation from the cellular environment by purifying native RyR1 (from rabbit
skeletal muscle) or RyR2 (from pig heart). In this way it has been possible to strip these
preparations of FKBP12/12.6 and regulate RyR phosphorylation by PKA and to examine their inter-

relationship (Jones, Reynolds et al. 2005; Jones, D'Cruz et al. 2007; Blayney, Jones et al. 2010) .

This work, the components of which are described more fully in each of the chapter introductions,

has lead to a model of ‘convergent regulation’, see figure 1.12.
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1.14 Aims and hypothesis of this study

As outlined above, circumstantial evidence points to a series of interactions that are linked to a
conformational change in RyR2, which masks a magnesium inhibition site and reduces the affinity
for FKBP12.6 in response to PKA phosphorylation. The experimental drug K201 appears to
influence the same pathway. The peptide probes DP4 and DPc10, which are derived from central
domain sequence of RyR1 and RyR2, respectively, can activate RyR1/2 in a manner postulated to
disrupt the N-terminus/central domain interaction by causing a conformational change. Key to the
domain interaction hypothesis was that DP4 or DPc10 with an MH or CPVT mutation respectively
in the sequence (DP4M or DPc10M) were inactive, caused no conformational change and did not

increase the open probability of the channel.
Identification of this region of convergent regulation is the intention of this work.

The PKA-mediated conformational change of RyR1/2, reducing the affinity for FKBP12/12.6,
observed in previous studies, has been hypothesised to involve the central domain. Use of the
peptide probes, DP4 and DPc10, should be able to confirm this if they alter the affinity of RyR1/2

for FKBP12/12.6 in a similar way to phosphorylation.

The intention was to carry out preliminary experiments for proof of concept using [3H]ryanodine
binding to establish the effect of the DP4 wildtype and mutant domain peptides on the open/closed
activity of RyR1 due to the relative low abundance of RyR2 that can be purified from native tissue.
This will enable further experiments on the affinity for FKBP12 using SPR technology to measure
the kinetics of interaction in the presence of DP4. Key experiments would then be performed using

RyR2, FKBP12.6 and DPc10.
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Chapter 2; General materials and

methods
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CHAPTER 2; General Materials and Methods

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (Dorset, UK) and
Fisher Scientific (Leicestershire, UK), solutions were made in dH,O and stored at 4°C and
standard experimental protocols were based on those given in ‘Short protocols in Molecular
Biology’, Ausobel et al 2002 and ‘Molecular Cloning: a lab manual’ by Sembrook and Russell,

2001.

2.1 Molecular Biology

Aseptic technique was employed throughout and all surfaces swabbed with 70% v/v methanol
before and after use. Sterile flow hoods were used for pouring plates and all culture inoculation
steps. Sterile plasticware (culture tubes, universals, centrifuge tubes, petri dishes, spreaders
and loops) were obtained from Fisher Scientific. All non-sterile apparatus was washed in
detergent free water and autoclaved at 135°C, 4 bar pressure for 90 minutes. All media was
autoclaved in the same manner before use. Restriction enzymes and their respective buffers
were obtained from New England Biolabs (NEB, Hertfordshire, UK) and Promega, (Hampshire,
UK) unless otherwise stated. Filter sterilisation was performed using 0.2 pm filters (Sartorius,
Aubagne, France). Antibiotics (Ampicillin and Chloramphenicol) were purchased from

Formedium (Norfolk, UK)

2.1.1 Analysis of DNA products

2.1.1.1 Agarose Gel Electrophoresis

DNA Loading Buffer (2x stock): TAE (2x), glycerol 50% v/v, Orange G 0.25% w/v. Glycerol
provides the necessary weight to sink the DNA into the gel wells, whilst the orange G dye

enables visualisation of the dye front as it migrates through the gel.

Ethidium bromide (EtBr): Stock concentration 10 mg/ml Added at 1 pl/50 ml agarose. EtBr, the
most commonly used nucleic acid stain for agarose gel electrophoresis, increases in
fluorescence 25-fold upon intercalating double-stranded DNA. As a result destaining the
background is usually not required.

Tris/acetate EDTA (TAE) buffer: 50x stock made-up and diluted to give Tris/acetate 40 mM,

EDTA 1 mM, pH 7.4 (with glacial acetic acid).
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Agarose gels were made by dissolving a w/v percentage of agarose in 1XTAE buffer by boiling
in a microwave. Agarose was cooled to ~ 50°C before addition of 0.1 ug/ml EtBr and pouring
into gel casting trays (Biorad or Hoeffer) with a comb to create loading wells and assembied as
per manufacturers’ instructidns. Once the gel had set the tray was placed into an
electrophoresis tank. 5 pl of sample mixed with 5 pl of 2x DNA loading buffer was pipetted into
each well. A DNA ladder (Hyperladder (Bioline, London, UK) or NEB) of a suitable kb range was
run alongside the samples. This was used to estimate the size of the DNA sample, from the
distance run by the marker bands of known size, and its concentration, by comparison with the
brightness of the bands, which contained known quantities of marker DNA. The lid was placed
on the electrophoresis tank and a voltage of 80 V (small gel) or 120 V (large gel) was applied
until the orange dye front, which migrates coincident with DNA of ~50 base pairs (bp), had
migrated approximately three quarters of the length of the gel. The gel was then removed from
the tank and viewed by exposure to UV light, using a XRS Gel Doc system and Quantity One

software (Bio-Rad, Hertfordshire, UK).

2.1.1.2 Quantification of DNA by spectrophotometry

Peak qbsorption of DNA is at Ay and this wavelength was used to determine the quantity of
DNA in an unknown sample by using the constant that 50 ng/ul of DNA has an absorption of 1.
Using a duartz Cuvette of pathlength 1 cm and volume 100 pl, a x100 — x25 dilution with dH,O of
the DNA prepération was scanned from Ayg-Ase. The Aygp Was used to calculate the DNA
concentration. The ratio of Aysp/Azg0 gave an indication of its purity with respect to contaminating
protein (which has a maximum absorbance at Ayg). A ratio of >2.0 indicated good purity, which

was valuable when DNA had been extracted from bacterial lysates.

2.1.2 Cloning of DNA

2.1.2.1 Oligonucleotide primers

All primers were ordered from Sigma. These were supplied as lyophilised pellets which were
reconstituted with sterile dH,O to give a 100 pM stock solution and solution of 10 M was
prepared by dilution with sterile dH,0 for PCR amplification. These solutions were stored at -

20°C. Two gene specific primers were designed for each clone required, using the full
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nucleotide sequences published in GenBank. Restriction sites, compatible with the vector
multiple cloning site, were inserted immediately before the first nucleotide of the desired forward
sequence and immediately before a stop codon in the reverse sequence. Primers were
generally of 30 bp in length wfth a 50-60% GC content which was adjusted by calculating the
number of individual nucleotides comprising the restriction site and compatible forward or
reverse sequence of the primer. Any deficit was balanced within a nucleotide clamp 5’ to the
restriction site (Figure 2.1). The primer pairs used to create specific DNA clones are given in the

relevant chapters.

Forward primer
5 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXX 3’
Clamp  ResSite cDNA

Reverse Primer

5 XXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 3’
Clamp ResSite Stop cDNA

Figure 2.1 Representation of primer design

2.1.2.2 Polymerase Chain Reaction (PCR)

Phusion High- Fidelity DNA Polymerase (Finnzymes, Massachusetts, USA): This is a highly
accurate thermostable polymerase. A double-strand DNA binding domain, fused with a
polymerase, increases processivity 10-fold, reduces extension times, provides greater
amplification yield and enables long templates to be copied more rapidly. Supplied as 2 units/l
stock. Storage at -20°C, in buffer Tris/HC| 20 mM, KCI 100 mM, DTT 1 mM, EDTA 0.1 mM, BSA
200 pg/ml, Glycerol 50%, Tween-20 0.5%, Nonidet P40 0.5%, pH 7.4 at 25°C.

Phusion HF buffer: Contains MgCl, 7.5 mM

Deoxynucleotide mix (Sigma): Contains 10 mM each of Ultrapure dATP, dCTP, dGTP and TTP
sodium salts in high molecular biology grade water. Stored at — 20°C.
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Molecular_biology grade dH,O (Sigma): DNase, RNase and protease free. 0.1 pm filter

sterilised.

Table 2.1 Standard PCR reaction mix

Final
Reagent Concentration Volume (ul)

Phusion DNA Polymerase 1 Unit 0.5
Phusion HF Buffer (5x) 1x 10
dNTPs (10 mM) 200 uM 1
DNA template (2 ng/ pl) 40 pg 1
Forward Primer (10 yM) 0.2 uM 1
Reverse Primer (10 uM) 0.2 yM 1
dH,O (molecular biology grade) 35.5

TOTAL 50

A two-step ‘extended’ PCR programme was used (Table 2.2). The first five cycles were at a
high annealing temperature to encourage specific binding of primers to their complementary
sequence and provide a stock of specific template DNA for the clone required. The annealing
temperature was then lowered for the final 38 cycles as non-specific binding to the original
template (outside of the region to be cloned) would be overwhelmed by the concentration of

specific DNA cloned in the first five cycles.
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Table 2.2 Extended PCR cycle

Step Temperature (°C) Time No. Cycles
Denaturation 95 5 min 1
Denaturation 95 30 sec 10
Annealing 65 10 sec 10
Extension 72 15 sec/kb 10
Denaturation 95 30 sec 42
Annealing 55 15 sec/kb 42
Extension 72 2 min 42
Extension 72 10 min 1

PCR reactions were set up as shown above (Table 2.1) and placed into a thermocycler
(GeneAmp PCR system 9700, Applied Biosystems, California, USA) using the extended PCR

program.

2.1.2.3 PCR clean-up

Two methods were used for PCR clean-up. Three of the constructs cloned were small ~133 bp
and the size limit of the extraction medium was critical to the removal of primers, nucleotides,
enzymes, salts, and other impurities from the cloned DNA samples.

Gel extraction kit (Qiagen, West Sussex, UK): Enables removal of primers, nucleotides,

enzymes, agarose and EtBr from DNA. The size limit to extract and purify DNA was 70 bp which
made this the method of choice for small DNA constructs. PCR products were run on an
agarose gel. Using a UV lamp for detection, bands containing the correct sized PCR product
were excised and weighed. A specific volume, relative to gel weight, of Qiagen buffer QG was
then added and incubated at 50°C until all agarose was dissolved. 1 gel volume of isopropanol
was added and the mixture applied to a ‘QlAquick’ column and centrifuged for 1 minute at
10,000 g to bind DNA to the silica-gel membrane of the column. The eluate was disposed of the
DNA washed with another 0.5 m! of buffer QG to remove all residual traces of agarose. The

DNA was then washed in a buffer containing ethanol and the remainder of the protocol was the
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same as for the PCR purification using the QlAquick column. DNA was eluted into a small
volume of elution buffer to finish.

PCR clean-up kit (Qiagen): 100 bp — 10 kb. 5 volumes of a high salt buffer were added to the

PCR mixture which was then passed ‘through the membrane by centrifugation at 10,000 g for 1
minute. Nucleic acids adsorb to the silica-gel membrane in buffer containing chaotropic salts
which reduce the negative charge of the DNA to enable stronger interaction with the column
membrane. The DNA was washed in 0.75 ml ethanol buffer and the column was centrifuged for
1 minute. The eluate was discarded and a second centrifugation was used to remove all
residual traces of ethanol which may interfere with DNA elution. The DNA was then eluted in a
small volume of low salt buffer in a final centrifugation step for 1 minute, which increases the

repulsion between the membrane and the DNA.

2.1.2.4 Ethanol precipitation

Where PCR fragments were too small for PCR purification, ethanol precipitation was used
instead. This involved addition of 1/10™ DNA mixture volume of sodium acetate to the DNA mix.
In the presence of ethanol, which reduces the polarity of the solution, DNA phosphate groups
form stable ionic bonds with any positively charged ions available (Na') and the DNA
precipitates out of solution. The mixture was incubated on dry ice with 3x total volume of 100%
ethanol for 30 minutes, then centrifuged at 13,000 g for 10 minutes. The supernatant was
carefully removed and the pellet washed with 70% ethanol. Following a second spin for 1

minute and removal of supernatant, the pellet was resuspended in a small volume of water.

2.1.2.5 Restriction digest
Following DNA clean-up the PCR products were subjected to a restriction digest to prepare
them for insertion into the pGEX 6P-1 cloning vector.

BamH1 enzyme (NEB): Recognition site; 5'...GGATTC...3' 3'...CCTAGG...5’

20,000 units per ml concentration (One unit is defined as the amount of enzyme required to
digest 1 pug of A DNA in 1 hour at 37°C in a total reaction volume of 50 p.)
EcoR1 enzyme (NEB): Recognition site; 5...GAATTC...3' 3...CTTAAG...5’

Enzymes are stored in 50% glycerol at -20°C and are sourced from Ecolab
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EcoR1 buffer (10x) (NEB): Tris-HCt 100 mM, NaCl 50 mM, MgCl, 10 mM, Triton X-100 0.025%,

pH 7.5 at 25°C

BSA (100x) (NEB): 100 pg/ml

Both restriction enzymes have 100% efficiency in the EcoR1 buffer, which enabled a double
digest reaction to be performed. BSA is required by BamH1 and provides additional protein
which helps to stabilise this enzyme and balance any negative effects arising as a result of
enzyme interaction with solid surfaces and/or the air-liquid interface. To ensure glycerol levels
were not too high in the mixture, which could result in ‘star’ activity (non-fidelity to the restriction
sequence resulting in non-specific cuts) by the restriction enzymes the glycerol must be no
more than 2% of the total volume. 1 pl of each enzyme is sufficient for a total reaction volume

up to 100 pl.

Table 2.3 Standard Restriction digest recipe

Reagent Concentration Volume (ul)

Undigested DNA 5 ug 10

Eco R1 enzyme 20 units 1

Bam H1 enzyme 20 units 1

Eco Rt buffer (10x) 1x 25

BSA (100x) 1x 0.25

dH20 41% 10.25
TOTAL 25

Following restriction digest (Table 2.3) the cut product was cleaned up by either gel extraction
or PCR clean-up. The final elution step was into 30 pl of dH,0. 5 pl was run on an agarose gel
to visualise, asses the quality and estimate the concentration of the DNA.

The cloning vector pGEX-6P-1 was also cut by the EcoR1 and BamH1 restriction enzymes to

prepare it for ligation with the cloned and cut DNA fragments (Figure 2.2).
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The following table (2.4) provides the amounts of each reagent used in the ligation experiments

Table 2.4 Standard Ligation recipe

Reagent _Stock concentration Final Volume

concentration

Insert (X kb) Y ng/ul Z ng/pl \Y

Vector pGEX 6P-1 (4.9 kb) 100 ng/ul 20 ng/pl 1ul

T4 DNA Ligase 7x ~1x 24l

T4 Buffer 10x 1x 2l

dH,O - - Up to 20 pl
Total 20 ul

X = Length of insert (kb)
Y = Stock concentration of insert (ng/pl)
Z = (10X x (100/4.9))/20

V = 20/(Y/Z)

2.1.2.7 Transformation

TOP10 E.Colf chemically competent cells: Suitable for cloning unmethylated DNA from PCR

amplifications: -

Super Optimal Broth with Catabolite repression (SOC) media, filter sterilised: Bacto-tryptone 2%

w/v, yeast extract 0.5% w/v, NaCl 10 mM, KCI 2.5 mM, MgCl, 10 mM, glucose 20 mM, dH.O,
pH 7.0. Stored at -20°C. Nutrient rich bacterial growth medium, results in higher transformation
efficiency of plasmids (Sun 2009).

Lysogeny Broth (LB) media (broth): Tryptone 10 g/L, Yeast Extract 5 g/L, NaCl 5 g/L, dH,O.
Autoclaved as described previously. For LB agar, 15 g/L agar was added. LB Agar was cooled
to 50°C before adding relevant antibiotics and pouring into petri dishes to set.

Ampicillin, filter sterilised: 100 mg/ml stock made up in dH,O. Ampicillin is a broad-spectrum -
lactam antibiotic. It is able to disrupt cell wall synthesis, acting as an inhibitor or transpeptidase,

in certain Gram-positive and Gram-negative bacteria.
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Chioramphenicol, filter sterilised: 40 mg/ml stock made up in EtOH. This is a broad spectrum

antibiotic, effective against a wide variety of Gram-positive and Gram-negative bacteria. It

inhibits bacterial protein synthesis.

50 ul chemically competent bacteria were gently thawed on ice before adding 1-5 ul of ligation
mix in a microcentrifuge tube. The mixture was incubated on ice for 30 minutes and then
subjected to a 45 second heat shock in a 42°C water bath. The microcentrifuge tube was placed
back on ice for 2 minutes and 1 ml of room temperature SOC media was added. The culture
was incubated for 1 hour at 37°C in an Innova 4300 shaker (New Brunswick Scientific,
Hertfordshire, UK) at 225 rpm. 150 pl of the cell mixture grown in the SOC media was plated
onto a pre-warmed LB agar plate containing Ampicillin at 100 yg/ml. Plates were incubated for
16-18 hours at 37°C. Colonies were screened for plasmid containing the insert either by

preparing DNA using a mini prep kit, or by colony screening.

2.1.2.8 Colony PCR

GoTAQ® Green Master Mix_(Promega): Contains GoTaq® Green polymerase in 2x reaction

buffer with dNTPs (400 pM) and MgCl, (3 mM). Enables the PCR reaction to be directly loaded

onto an agarose gel as the reaction buffer increases sample density, serving as a loading dye.

Table 2.5 Colony screen PCR reaction recipe

Reagent Concentration Volume (ul)
GoTaq Green Master mix (2x) 1x 12.5
Forward primer 0.1-1 uM X
Reverse primer 0.1-1 uM X
DNA template/ bacteria <250 ng X
dH20 (molecular biology grade) to 25 pl
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Table 2.6 PCR cycle used

Step Temperature (°C) Time No. Cycles
Denaturation 95 2 min 1
Denaturation 95 1 min
Annealing 50 30 sec 30
Extension 72 1 min/ kb insert
Extension 72 5 min 1

Defined colonies were selected for screening for vector containing the insert by scraping a small
sample of a single colony with a sterile pipette tip and adding this to the GoTagq reaction mixture
within a PCR tube by repeatedly pipetting up and down to disperse the cells. The PCR cycle
incorporates an initial boiling step to enable cell lysis and DNA dispersal within the PCR
mixture. Taq polymerase has a relatively low specificity but as there will be no template for the
polymerase to bind to in negative colonies, any positive PCR reaction will indicate potential

positively transformed colonies, which can be further analysed by mini-prep and sequencing.

2.1 .2.9"Plasmid purification

Resuspension solution: Tris-HCI 50 mM (pH 7.5), EDTA 10 mM, RNase A 100 pg/ ml

Lysis solution: NaOH 0.2 M, SDS 1%

Neutralization solution: Guanidine hydrochloride 4.09 M, Potassium acetate 0.759 M, Glacial
acetic acid 2.12 M, pH 4.2.

Column wash solution: Potassium acetate 162.8 mM, Tris-HCI 22.6 mM pH 7.5, EDTA 0.109
mM, pH 8.0

Mini-prep kit (Promega): Wizard Plus SV Minipreps DNA Purification System: For small scale

isolation of plasmid DNA. Defined colonies were selected for screening of vector-containing
insert by picking a small colony with a sterile pipette tip and adding this to 5-10 ml LB media
containing Ampicillin and growing overnight (Innova shaker, 37°C). Bacteria were then pelleted
at 3000 g in an Avanti centrifuge for 5 minutes. The media was discarded and the pellet
resuspended in 250 pl resuspension solution. 250 pl cell lysis solution was added. This contains

SDS to solubilise the phospholipid and protein components of the cell membrane, leading to
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lysis and release of DNA. NaOH denatures chromosomal and plasmid DNA. Alkaline protease
(10 W) is added after lysis to inactivate endonucleases and other proteins released during
bacterial lysis. The lysate was then neutralised by addition of potassium acetate in
neutralization buffer (350 pl). The high salt concentration precipitates chromosomal DNA and
proteins, as well as cellular debris but the plasmid DNA remains in solution. Precipitants were
pelletted by centrifugation at 14,000 rpm for 20 minutes. The supernatant, containing plasmid
DNA, was passed through a collection tube. The DNA, bound to the matrix, was washed twice
with wash solution containing ethanol to remove any residual cell constituents, first with 750 pl,
then with 250 pl after another centrifugation for 1 minute. A centrifugation is used to remove the
second wash buffer, a further spin removes any residual ethanol that may prevent
resolubilisation of DNA in elution buffer. The purified DNA was eluted in 40 pl of dH,0. 5 ul was
screened for insert by performing a double digest, in a 20 pi reaction, with Bam H1 and EcoR1
enzymes as above. 5 pl of the digest was then analysed by agarose gel electrophoresis. If the
cleaved fragment of insert DNA was required for future ligation then the band was extracted

using the gel extraction kit (Qiagen).

Plasmid maxi-prep, Qiagen: For large scale (up to 100 ug) isolation of plasmid DNA. The
principles behivnd this protocol are the same as for plasmid mini-prep, but a starting culture of
approximately 200 ml was used to generate the DNA. Bacteria were harvested at 6000 g for 15
minutes at 4°C, then resuspended in 10 ml resuspension buffer. 10 ml lysis buffer was then
added and the sample gently agitated for 5 minutes to encourage cell breakage without
shearing of genomic DNA. A neutralization buffer (10 ml) was added and mixed immediately,
again by gentle inverting, followed by incubation on ice for 20 minutes to enhance precipitation.
The sample was then centrifuged at 20,000 g for 30 minutes at 4°C and the supernatant was
applied to a 10 ml QIAGEN column to bind DNA by gravity flow. The column was washed with 2
x 30 mi wash buffer containing ethanol, followed by elution with 15 ml water or specific elution
buffer. DNA was then precipitated by addition of 10.5 ml room temperature isopropanol. This
was mixed and centrifuged immediately at 15,000 g for 30 minutes at 4°C. The supernatant was

carefully discarded and the DNA peliet washed in 5 ml of room temperature 70 % ethanol,
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followed by another centrifugation, for 10 minutes. The supernatant was removed and the pellet

air dried. DNA was then redissolved in 400 pl molecular grade water.

2.1.2.10 Sequencing

ABI prism BIG-DYE® terminator sequencing dNTPs: Incorporation of uniquely labelled BIG-DYE

dNTPs during the PCR cycle results in termination of the DNA extension. A successful PCR will
contain truncated amplicons at all possible lengths. This sample is then passed through a gel-
filled capillary tube, with a charge applied across it as in standard electrophoresis, where DNA
migrates towards a positive charge such that smaller fragments move fastest. Simultaneous
recording of the dNTP fluorescence passing through the capillary provides a read-out of the
incorporated base at each length, as each of the four dNTPs is labelled with a different coloured
dye. Hence a full sequence can be obtained for the PCR product.

DyeEx 2.0 Spin_kit (Qiagen): Unincorporated dye terminators following the sequencing PCR
reaction (above), are retained in a gel matrix to prevent interference during the sequencing
read. A column containing the gel matrix is vortexed and centrifuged at 3000 rpm for 3 minutes
to remove the storage buffer. The PCR reaction mixture is pipetted onto the surface of the gel.
Subseduent centrifugation (3 minutes) passes the sample through the gel matrix and the clean

sample can be sequenced directly.

Table 2.7 BIG DYE sequencing PCR reaction recipe

Reagent Concentration Volume (ul)
ABI BIG DYE® terminator sequencing kit (7x) 1x 2
Sequencing primer 10 uM 2
DNA template 2ng/ 2
dH20 (molecular biology grade) 14
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