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Abstract

Activation of the Grotein coupled receptor (GPCR) chemokine recept@GR5) has been
aK2gy (2 NBadzZ ( Xapily bf GeiekoBimdiid Grygteind. HowgwerSlitt® h

is currently known about the temporal characteristics epi@tein heterotrimer activation

by CCRS5. Furthermore, this simplistic model does nobwatt for the range of changes

CCRS5 activation brings about. Recent evidence suggests that GPCRs may be able to signal
through numerous permutations of heterotrimer.

In order to assess -@rotein activation and interaction with CCR5 functional stably

transF SOG SR OStft tAySa ¢StkBSRPNDBR( SfcafEaIRERA DA v 3
The interaction of these constructs was confirmed by measuring fluorescent resonance
energy transfer (FRET). Stably transfected cells exhibited a FRET ratio of 2.63%84+0.34
yroo 2@SN) GKFid 2F O2yGNBf OStf ap C20dRBAlYAE2
could be monitored in real time, in whole cell populations, on a fluorescent plate reader by
monitoring FRET emissions. This assay system represents a novelchpjoraneasuring G

protein activation which can be used as a foundation to build more powerful FRET based

assays. Measurement of@otein interactions was further invested by BRET based studies.

Transfection of dominant negative and constitutively aeti@proteins alongside siRNA
knockdown of Gproteins revealed that CCR5 is capable of signalling through other
YSYOSNE 2F (GKS DhA TFLEYAf@S gAGK adNAR Ay3Ite &
5dz £ 1y 201 A2z ¥zy 2 & 4r&sbitgdRin rueh attenuated calcium release

following CCL3 stimulation, providing evidence that CCR5 may functionally couple to
several types of @roteins. Findings also support the theory that GPCRs can participate in

domain swapping in order to rescfignction.

Treatment with gallein resulted in higher resting cytosolic cAMP but did not prevent CCR5
mediated inhibition of cAMP production. Gallein treatment also resulted in significant
increases in calcium release following CCR5 activakimhlighty’ 3 DI ! Fa | LJ2 G
target for modulating CCR5 signalling everidata herein emphasizéhe complexity of

GPCR signallingand also provide a foundation for exploring GPCR signalling using
fluorescencaesonance energy transfer methods in the future
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Chapter One
Introduction

1.1 G-Protein Coupled Receptors

G-protein coupled receptors (&R) are a diverse family of transmembrane receptor
proteins that work in concert with guanine nucleotide regulated proteinspi@eins)
(Oldhamet al, 2007) GPCRs play important roles in cellulgnalling networks involving
processes such as neurotransmission, cellular metabolism, secretion, cellular
differentiation and growth, inflammatory and immune responses, smell, taste and vision
(McCuddenet al, 2005) This superfamily of proteins is of importance in understanding
many human diseases, and has been proved to be one of the most attractive targets for
drug development and targetingHenry, 2004) The breadth of physiological activities
controlled by GPCRs in part,due to thewide range of ligands that interact with receptors

of this class, as well as theimber of different Goroteins to which they can be coupled.
GPCRstatus asa major class ofeceptor linked tosignalling proteins that modulate a
variety of biological fuctions, malke them an attractive target for drugs. All members of the
Dt /w &dzZLISNFI YAt & LlRraasSaa aSgSy (NI yavYSYoNly
cellular Nterminus and an intracellular-@rminus. The seven TM region of the receptor
are bundled togther in a circular fashion to help facilitate ligand recognition and binding
(Kristiansen, 2004)Each receptor has alternating intra and extra cellular loops which can
vary in length depending on theeceptor type. The three extcellular loops and the N
terminus are important forijand speificity and binding, the intreellular loops and -C
terminus are thought to be responsible forgBotein specificity(Moller et al, 2001f - |

arrestin binding(Tohgoet al, 2003)and Gprotein activation(Oppermann, 2004)These
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obvious structural differences allow for variation in the outcome of intracellular signalling

and allow ligand specificity to be carried through tg@p®tein binding.

Recent crystallographic studies 6f 6,-1 iR NB y S NH A QARNERG Salpédshed kight
upon the receptor architecture and the conformational changes associated with activation
of Gproteins following ligand binding. The exceptional work carried out in the crystallation

of the humani ,-adrenergicreceptor (PDB 2RH{Therezowet al., 2007)has given insight

into the function of type A GPCRs other than rhodopsin. To facilitate crystallization and
produce a high resolution struate, T4 lysozyme was fused in place of tifdr@racellular

loop (fig 1.1). Thé,-ARhas a fold composed of seven TM helices forming a helical bundle.
Helices I,V, VI, and VIl each have a proline induced kink along the span of the TM, which
are thought © facilitate structural rearrangements gaired for Gprotein
activatior(Yohannanet al, 2004Y» LYy | RRAGA2Y (AR hHakK& shota R2Y
S E (i NI O%dlix adef dn Mdratellular helix termed helix VIII; believed to draroon in

all type A GPC{atragaddaet al.,, 2004)

I 2 Y LI NA agARywithZriiodopsin reveals several minor differences in architecture of
the helical bundle. Namely, the extracellular portions efi¢es | and Ill are angled away
from the receptor, helix 1V is translated away from the centre of the receptor, helix V is
translated closer to the centre of the receptor, and helix VI angles away from the receptor
on the cytoplasmic face. These structudiferences may arise due to a difference in ligand

binding propertie{Chereze et al, 2007)
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{ G NHzOG dzNI £ & (i dzRRAafidiforrg the bhkks foRuRAdeiatdnging the mechanisms

of Gprotien activation by GPCR. It is believed that ligand binding to a type A GPCR results
in an outward movement of helix VI, thereby opening an intracellular crg#aeenset

al.,, 1996)and breaking the ionic lock, believed to prevehprotein activation, located

between helix 11l and \(Bhattacharyaet al., 2008)

The amount of ligands capable of activating GPCR is staggeringly large, natural ligands
include photors, hormones, neurotransmitters, and molecules ranging from small peptides

to large proteins. Binding of a GPCR to other GPCRs or small molecules has also been
shown to modulate/potentiate the binding and activation characteristics of GRIkyan,

2003) Once GPCR has bound ligand its effects are mediateuelypadulation of a series

of second messengers. The increase or decrease in these second messengers leads to
intracellular responses which underlie the physiological responses of the particular tissue

or organ.
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Figure 1.1 ModS f ARTAU. T4 lysozyme was inserted in the third intracellular loop to facilitate
crystallization, shown here as the predominantly yellow structure, the seven TM helical bundle is coloured
blue to red, with helix I and helix VIII being blue and redspectively. PDB accession ID 2RH1 (Accessed

12/03/10). Adapted from Cherezogt al.using Jmol viewer(Cherezoet al., 2007)
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1.1.2 CCRS5 Structure and Function

The GPCR superfamily has been categorised into 6 different clasSgsa@Adefined by the
GPCRDB classification schefBettler et al., 2003) Class ASPCR, the largest of the GPCR
superfamily classes, share significant homology to rhodopsin and are furthedassified

into subfamilies on the basis of their phylogenetic relationgligostet al., 2002) Based on

this classification CCR5 is classed as an Al receptor, alongside other chemokinggecepto
All chemokine receptors share a similar structural design with all receptors being between
340 to 370 amino acids in length, CCR5 has 352 residues, with siralad Gterminus
structural motifs that confer ligand, signalling, and trafficking spatijfito a particular

receptor Figurel.2) (Oppermann, 2004)

CCRS5 is predominantly expressed on lymphocytes, monocytes, macrophages and dendritic
cells in the immune systerfMartin et al., 1999) It is also expressed on primary and
secondary lymphoid organs and in the central nervous sygigsettoet al, 2002) CCR5

binds several chemokines with high affinity including CCL3, CCL4, CCL5 a(@nQff48

et al, 2002) all of which bring about cytoskeletal changes in lymphocytes and
macrophages. Recent studies in CCR5 deficient mice show very limited defects in ce
mediated immune processes, however absence of CCR5 has been implicated in allograft
rejection (Dehmelet al, 2009) CCR5 constitutes the main functionatregeptor for M

tropic HIV1 strains and humans deficient in functional CCR5, a subpopulation that
expresses a mutant form CCR5 containing ae3tlue deletion, termed CCREB2, have a
reduced rate of HIV progressighluanget al., 1996)with no other ill effects. CCR5 has also
been implicated in the activation ofsT helper cells(Galliet al, 2001)West Nile virus
susceptibility(Limet al., 2006)and arthritis(Pokornyet al., 2005) The redundancy CCR5
exhibits coupled with its high homology to many other physiologically important GPCR

make it a good candidate to study GPCR signalitegactions.
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Figure1.2 Schematic representation of CCRAowing the 2-dimentional conformation of CCR5. Thelasma
membrane is represented by the grey shaded aremnserved residues and those important amino for
receptor function are highlightedOf special importance to CCR5 are the two extracellular disulphide bridges,
signified by the dashed and solid line, which are believed to hold the receptor in a conformation capable of
binding specific chemokine ligands and the DRYLAVVHA motif, locatdcellularly, which is conserved
between all members of the chemokine receptor familResidues critical for receptor function are shown as

filled circles.(Oppermann, 2004)
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1.1.2.1 Extracellu lar Domains

The four extracellular loops of CCR5 each contain a cysteine residue that forms disulphide
linkages between extracellular domains two and three, and one and four. These disulphide
bonds hold the receptor in a conformation capable of allowiggnd access to the binding
pocket and consequently binding chemokifBlanpainet al, 1999) Comparatively a
typical class A GPCR contain only two cysteine residues in the extracellular domains which
form a disulfide bond that links the first and second extracellular ld§as/areseet al,

1992) Mutation to these conserved cysteine residues results in a decrieaseceptor
function due to impaired ligand bindingVesset al., 2008) In addition to this conserved
disulphide bridge, all chemokine receptors have two additional cysteines located in-the N
terminal domain and the third extracellular loop. These extra cysteines are thought to form
a second disulfide bond, which confers an addaial structural restriction on the GPCRs

conformation that contributes to its stabilityBaggiolinet al., 1997)

Ligand specificity in CCR5 is conferred by the second extracellular loogs$tudparing

the binding properties of CCR5 and CCR2b, the chemokine receptor with the highest
similarity to CCR5, showed that the region with the lowest homology was responsible for
ligand specificity in CCRHabasquest al., 2002) However, ligand specificity for chemokine
receptors is not only defined by ¢hsecond extracellular domain, CCR1 binding to ligand,
for example, is reported to be mediated by the third extracellular I@dnteclaroet al.,

1996)

21



1.1.2.2 Intr acellular Domains

The intracellular structure of CCR5 contains four loops, allowing binding of downstream
aAaylttAy3a Sfe&iv Styafipaars Ithg Rrst iintracellular loop is completely
dispensable for the correct function of the receptor, as ttreation of five TM CCRS5,
having had the first and second TM domains removed, resulted in a fully functional
chemokine receptor(Linget al, 1999) The second intracellular loop contains¢cBRY
residue motif that is highly conserved betwealh class A GPGRovatiet al, 2007) The ¢

DRY motif is responsible for keegithe receptor in itsinactive ground state; upon
activation the arginine residue undergoes a conformational shift resulting inctfmeaftion

of an active receptofCotecchiaet al, 2002) Within the chemokine receptor family this
highly conserved¢cDRY motif is extended to include further residues resulting in a
conserved¢DRYLAVHA motif across the chemokine receptor faf@ippermann, 2004)

This second loop motif has been implicated ifprGtein association with the receptor
(Shibataet al, 1996)F & ¢ St t | a -drdéstindikdyfigRo the reldptbr(Bennettet

al., 2000) Although the third intracellular loopBa 0 S Sy A Y lalfektiOdindiiR Ay |
other class A GPCR, this is not the case for CCR5 which contains an unusually short and
positively charged third intracellular domaifHuttenrauch et al, 2002) No apparent
functional use has been published for the thindtracellular loop in CCR5. However,
mounting evidence suggests that the sequence in a GPCRs third intracellular loop may be
important for G protein specificityBeqollariet al., 2009) The fourth intracellular loop is
formed by post translational paltaiylation of three cysteine residuemd their associatio

with the inner leaflet of the plasma membrane; it has been shown to be essential to
receptor trafficking(Blanpairet al,, 2001)and acts as a docking site 1G#Protein Receptor
Kinases GRK and Protein Kinase GPK¢ to bind to and phosphorylatserine, threonine

and tyrosine residues on the intracellular domains
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1.1.2.3 CCR5 Chemokine Ligands

Chemokines are leukocyte activating peptides that facilitate migration to affected areas by
stimulating actin cytoskeleton rearrangements and the degranulation of cells expressing
chemokine receptorgMackay, 2001)Synthesis of chemokines occurs in monocytes and
macrophages, they are released in response to physical damage or pathogen challenge to
the body,and approximately50 chemokines are known to exist to date. The principle

targetfor chemokines is bone marrow derived immune system ¢®lickay, 2001)

There are four families of classification that chemokines can fall in to; each family is
dependent on amino ad sequence, specifically, based on the configuration of cysteine
residues at the N terminus. The families are;(@®&o adjacent cysteines, CxC two cysteines
separated by a single amino acidg@ single cysteine residue and;Cx two cysteines

separatel by three amino acid€rhelen, 2001)

Ligand bindingo CCR5 is thought toccur as awo-step processFirstly, the bemokine
core binds tahe exposed\-terminalvia posttranslationally sulphonated tyrosingglotnik
et al, 2000) These tyrosines are situated in a positively charged mikeilphonation
increases the negative charge, thus increasing dffity for chemokinebinding. The
chemokine als binds to adjacentegions on thesecond extracellular loop it is this
interaction that confers ligand specificiffpamsoret al, 1997) The fee amino terminal
end of thechemokinecan then bindo the third membrane helixcausing conformational
change to CCRBhus, activating the receptoBlanpainet al, 1999) This processis the
method used by chemoattractant leukocyte receptor syste(Rarzanet al, 1999)
However different chemokines require different structural determinants to hinthis

ensuresthat there is not a one size fits all binding methddhe configuration of CCR5 lends
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itself to predominantly binding to CCL3, CCL4 and @€kl several other chemokines

(Table 1.1)whereas CCRA4, for example, binds predominately to CEZIALZCL2@Navenot

et al, 2001) There are four described isoforms of CCL3 (CCL3, CCL3L1;MELCE 3(2

70)), whichdiffer in their ability to bind and activate CCR8ueller et al., 2006) CCL3L1,

Ffaz2 (y26y +ta [51yi X A& I ylFrddNFrtfte 200dz2NNA
been shown to be more potent than CCL3, a proline residue at position 2 is believed to

confer this enhanced potendiNibbset al,, 1999) Although not as potent as CCL3L1 some

studies have shown CCL&(®) to be as efficacious as CCL3lese studies have led to

the conclusion that binding andctivation of chemokine receptors by chemokines is

dependent upon the Merminus of the chemokinéMuelleret al., 20086.

Receptor Ligand
CCR1 CCL3, CCL5, CCL7, CCL8, a6LC'L23
CCR2 CCL2, CCL7, CCL8, CCL13
CCR3 CCL11, CCL5, CCL7, CCL8, CCL13, CCL15, CCL24,
CCR4 CCL17, CCL22
CCR5 CCL3, CCL4, CCL5, CCLS8, CCL14
CCR®6 CCL20
CCRY CCL19, CCL21
CCRS8 CCL1, CCL4, CCL17
CCR9 CCL25
CCR10 CCL2&8
CXCR1 CXCL8
CXCR2 CXCLB, CXCL-B
CXCR3 CXCL41
CXCL13 CXCL12
CXCR5 CXCR4
CX3CL1 CXCL16
CX3CR1 CXCR®6
XCR1 XCL1, XCL2

Tablel.1 Chemokine Receptors arttheir Ligands. Many chemokine receptors have overlapping specificity for

chemokines. Table adapted froMtuPHARDB (Harmaet al., 2009)
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1.1.3 Heterotrimeric G -Protein Structure

GLINPGSAYya |INB YIRS dzZlJ 2F GKNBS RAMBERSBNBY (G ac

LINPGSAY IINB GeLAOlrtte OflFaairAFTFASR Ayd2 T2 dzNJ
adzodzy A0S BKDBEDI NF R (Brhonet al, 1991) Crystal structures have
been solved for at least one member of each family and have eflostructural

OKI NI OGSNA & (i A 2FgurelB0 & KK Dh D dddiydeyii © O2 Y & A & (i

D¢tlaS R2YFAYZ YR h KSEtAOFIf R2YFIAYyd ¢KS D¢t

the Gprotein superfamily, and is responsible for GTP hydrolysis @mtains residues

Ay@2t 3SR Ay Di+ YR STFSOU2NI 0AYRAYyId ¢KAA R

switch regions 13, which undergo conformational changes upon GTP binding and
hydrolysis(Mixonet al, 1995 ¢ KS KSt AOFf R2YlFIAYy Aa O02YLRAS

lid over the GTP binding siteurying the core of the proteifColemaret al., 1994)

Upon GDP displacement and GTP binding the GTPase domain undergoes a number of
conformational changes in switch regiork L L = NX adzZ G6Ay3 Ay RSONEBI &
subunit and an increase for cellular effectgkambrightet al., 1996) The classical view is

GKFG GKSy (GKS Dh adzdzy Al RAdtvaied itd dif&tors, T N2 Y
however this has recently been questioned, by demonstrating that sorprotgin
heterotrimers signal without dissociatin@unemanret al., 2003) The helical domain also

contains a fourth switch region that undergoes a nucleotide dependent conformational

change(Mixonet al., 1995) Switch IV has been shown to form a binding region for GoLoco

motifs found in regultor of Gprotein signalling proteins (RG&impleet al, 2002)
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Figurel3t NBR G SA Yy 9 ELJX 2deldedtrafiggRh® tlee2bindin keleft into which GTBall and stick
model6 Ay Ra® { gAGOK NBIA2Y &hedt idination2 FDBAT@$RionID NPATxyMRaptédk S |

from McCudderet al. using protein explorer(McCudderet al., 2005)
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LydSNl OGA2y 085G§658y Dh yR Di' A& 0StASOSR
SEGSYRSR b GSN)NAVYAYE f2 T2 D hDib-36cdigiBueiziof Wilchie H ¢
FANBRG Ho AYy Dh KI@S 0SSy &aK24ys: Ay || KSGSNPR
KStAE AYyGSNIOG&a 6AGK GKS Di+ adzodzyAdT GKdza
helix is believed to formas a consequence of the N terminal myristate imposing

conformational rigidity on the amino terminy®reiningeret al., 2008)

¢KS Di &adzodzyAlG F2N¥Y& | &a0dNHzOGdzNI tfe& adlofS 1
does not dissociate unless denaturéschmidtet al, 1992) There are fivd | 1y26y dzyAi
YR MH |V 2 Fitch&et al.dapgI8)ihis suggests a large number of possible
LISNXdzi | GA2ya F2N) G4KS Di!' &adzodzyAdGd az2dadGd 0O2Y6
dimers. 2 6 SOSNE G KSNB | NB a2 Y SOISEYOSLIIAEIHNIT 6 F BRI 3
et al, 1994) It has also been noted that some combinations have greater affinity for
aLISOATAO NBOS Lid 2hwills with2higherSaffinity talfrh8dopBin then other

potential combinationgMcCudderet al., 2005)

£t DI+ AdodzyAGa O2akpalich foid scduegs thatNipslt 2 LK |y
I LILWNRPEAYLF0Stf& SOSNE nn NBAaARASEIANer&BmOK T2 NY
1994 ¢ KA A& TFSIFGdzZNBE OF dza Sa ( K &pe Dimatiangkdaey dlsd G2 | F
as a torudike structure Figure1.3).¢ KS RAYSNRdza a0 NHzZOUGdz2NE 2F G KS
0§KS D! & dzo dzy AheliceE. ZTNSYCA tgrminugl el inferacts with the telikie

structure, binding to blades five and six, ighthe N terminus helix forms a coiled coil with

i KS -@rminus(Sondelet al, 1996)
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Figure 14 ¢ K S idzo dzy Al Z GKS G(G2NHza adNHzOGdzZNBE 2F GKS | dzyAd A

blue, Aida &K&2AESaE o0AYyR (2 G(KS |  dzficcdssiofi® 1TBGAtaptadtfors S G KS R

McCudden et al. using protein exploréMcCudderet al., 2005)
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¢KS Di+ AYGSNIOG&A LINAYEFENRf&@ G F KERNBLIK20OAC
i K

FTAOQS 27 S aS¢gSy o6flFRSa 2F GKS Di &dzdzyAdl:«
subunit significantly alterd§ KS 02 y T 2 N(Waligtral2 10950 F ! P8 A 1S (GKS Db
GKS Di+ &adzodzyAlG R2Sa y20 dzyRSNH2 | O2y F2NNI (
GKS I OGAGS aANBa L2ANIGKS (R AaKdzNBR WAGK (GKS 0.
classical @INRP 1 SAY GKS2NER &dz33aSaida Di: ¢Séndeday | 6t S
al., 1996) However his notion has recently been brought into question with the discovery

2F 1 D{ LINRBGSAya OFLIotS 2F OGAGFriAYy3a aArxayl

dissociation of théneterotrimer (Yuanet al., 2007)
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1.2 Downstream effectors of G -proteins

¢tKS RAFTFSNByd OflaasSa 2F Dh &adzmdzyAidx 2yO0S |
their structural determinants. Structurdalifferences between @roteins result in targeting

to, and the activation of, different downstream effectqiSkibaet al., 1996; Sprang, 1997)

Activation or inhibition of other downstream effectocan also be achieved by interactions

g AlK GKS Bdtivatioriod2CRY sklis i the targeting of several effectors (Figure

1.4)

p8¢8p 'J OOAOTEO OECTAITETC

¢ KS I Ol A Qledils\te tife atiFatioD bf the enzyme phospholipase C (PLC). To date

there have been 12 mammalian PLC isoforms that can be divided into five isotypes based

upon functional and structural characteristics; PLE -t I /-t I /4 J /| WRP ta[2/ NB
recently a new phospholipase has been identified PLC ¢ KA OK Aa O f OAdzy R
mainly expressed in nerve cefldwanget al, 2005a; Hwangt al,, 2005b) All mammalian

PLC contain X and Y catalytic domains as well as regulatory domains and require calcium for

their activation. PLL is the only isotype that is activated by theO G A 2 ybingirfy. The

activation of PLC NBadzZ Ga Ay (GKS oNBF{R2sy 2F (KS
bisphosphate (PIP2) to the lipophilic compounds diacylglycerol (DAG) and inositol

triphosphate (IP3).

¢ KS | Ol A Qleailsit@ tife s@nitlatb bf adenylyl cyclase (AC) whereas, in classical
models of GINR G SAY aA Iyl f f Ay Iubunit l€xdsit@inhibiich yof AZFT (G KS
activity. AC activation results in an increase of the of the second messenger cyclic

adenosine monophosphate (cAMP), which is responsible for the regulation of a plethora of
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further proteins. Structurally, the AC compleonsists of an Nerminal domain, two

0N yaYSYOoNI yS Of dza G S NEh&licesS lard Kwo OyRoplasiid iodps, 3 2 F
termed C1 and C2. It is here, within these cytoplasmic loops, that the active site is located

and catalysis of ATP to cAMP occfiresmeret al,, 19978. There are ten knowisoforms

of AC discovered in humans, each isoform has a slightly different expression profile and
different protein association profile. Most tissues and cell types can express more than one
isoform of AC, but expression is tighttegulated. Different isoforms are inhibited and
activated in different ways, providing cells with a method to respond diversely to similar

stimuli (Patelet al, 20010 C2NJ SEIl YLX § !/

I+

iwWharealRACNIBs@dt f @ Ay |
(Patelet al, 2001yp ! / L OlFYy o6S AYKAOAGSR o0& Di! &dzd
a0 AYdzZ I Gaussioed al, D994b) It is important to note, that while it is widely

accepted KI G I OG0 A @I (i suBwiit résiits in KIBbitofy heffects upon AC, the
aa20AFGSR Di ' &adzmdzyAl Ol y ITébled?) incluging AOG A O G
VIl (Watts et al, 1997) The specific expression pattern of AC isoforms is not completely
characterised, however, there is strong evidence that in human neutrophils isoforms I, VI,

VI, and IX are predominantly expresg@iahadeoet al., 2007).
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AC Isoform Activators Inhibitors

| D, C4'/CaM DLDI 3 [/ la YA
Il DhDi + ¥ t Y/ P-Site analogues

i D h, c&/CaM CaM Kinase lll-8ite analogues
v Dhx Di ¢ P-Site analogues

\ D i, PKC DhDi

VI DHh, D h, PKA, PKC
VI DhDi + £ t Y/ P-Site analogues
Wil D h, Cd&'/CaM P-Site analogues

IX Dh P-Site analogues

Soluble HCQ ?

Table 12 Comparison of activators and inhibitors of adenylyl cyclase. Table adapted from T.B. Bail

(2001)
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p8¢8c¢ ' r rSigmng 61 EO

In recent years, knowledge tiie rolesheterotrimeric G proteins in cellular signalling has
dramatically incresed. Originally, the iG:dimer was thought to be necessary mainly for
the inactivation of G subunits, allowing them to reassociateitiv the receptor for
subsequentrounds of signling. Thus, G ‘was viewed as a negative regulator of G
signdling. The first evidence for a direct role of Glimers insignaling came in 1987 when
purified G subunits from bovine brain were shown tactivate a cardiac potassium
channel normally activated by muscarinic cholinergic receptor follovéogtylcholine
release (Logothetiset al., 1987) We now know that G !subunits can modulate many
effectors via direct interaction that are also regulated by &ubunts, including Kir3
potassium channelsas well asPLC (Guo et al, 2003) phosphatylinsotitol Zinase
(PI3K{Neveset al, 2002) and isoforms ofdenylyl cyclas€Taussiget al, 1994a) These
G “functions havebeen irvestigated heavily in recent years and many interactions have

been shown to result in an increase in cytosolic calcium |€¢Relbishawet al., 2004)

Ly@SadAadalrdAazya Ayd2 Dtihe interdctidbéniedn CKlad £& NBE gS |
channels is directTo prove this observatiqrG ! was overexpresseth various cellines

and shown toinhibit calcium channel activity (Herlitze et al, 1996) whereas the
overexpression oproteins that bindG ! acting ascavengerg2 T T NX&e sbown to

suppresses this effe¢Kammermeieet al., 2000) Currently, the mechanism by whi¢h

interacts with its downstreameffectors is not entirely clear. Maryf G ‘effectors contain

pleckstrin homologylomains(PH) however, not all Pldomaincontaining proteins interact

with G ! makingprediction ofinteractions difficult Currently there are few studieisito

GKS ONRGAOFE NBaAARdMzZSa Ay @2 GPSimeraktignwihithe Ay G S NJ

PH domairof GRKZhas been elucidatgdesmeret al,, 1997a) and residues important for
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GIRK channels have also bdmnidentified (He et al, 2002) This information may help

RSRdzOS T affetidt Btbkactibhs in the future. Recent studies have also implicated
(KS Di 1 &dodzyAd & | YSRA (it &,2000 MagaEes o F £ |
al., 2004)

1.2.3 Gprotein Mediated Calcium Release

Following chenokine binding and tsnulation of a chemokine receptor, the cytosolic
concentration of free calcium can increase by 10 fold that of normal basal (Basisdge

et al, 2000) The most well studied pathways regardingp@tein mediated calcium

NBf SFaS Ak U KKISe d | assoligfed @oeptors are activated, the PLC

LI 6 Kgl @ Aa (NR3IISNBeR indBsegii IB3Argr meinprane dn¢horedO + G | §
Phosphatidylinositol 45-bisphosphate(PIP2). Free IP3 then diffuses into the cytoplasm

from the inner plasma membrane leaflet resulting in the activation of with IP3 receptors

(IP3R) located on the ER. The IR8Ra family of calcium release channels located on the
endoplasmic reticulum, stimulation of these receptors results in the release of pooled
calcium from the ER to the cytos@Foskett et al, 2007) The overall mechanisms
controlling the IP3R are complex and diverse,thetunderlying principles of activation are

the same; once IP3 binds the receptor a conformational change occurs causing the receptor
w3 G8Q G2 2L8ys +tftzgay3da GKS LI aar3as 27 Ol
membrane. The release of calcium frometER results in further downstream signalling

events, one of which causes the modification of IP3 to either inositebisghosphate or

inositol 1,3,4,8etrakisphosphate. These changes to IP3 and calcium levels act as a
negative feedback loop, resulting a loss IP3 binding and phosphorylation of the receptor

and consequently its subsequent deactivat{@ugrim, 1999)
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¢KS OflFaaaolft OFf OAdzy &aA 3yl finkedyedBeptdsd lép@ing | & Ay ¢
to the activation of PLC | YR adz0aSljdzSyd LINRRdAzOGA2Y 27F Lt c
which GPCR can stimulatfc® A dzy NXf S aS® ¢KS Di ! adzodzyAid L
YSRAFGAY3I AyGNI OSt f dzf, & od 2y X DAy FOdUE® 4 KBy G K
GFNBSG RAFFSNBYy(l R246yaiGNBLIY STFFSOUI2NRP® ¢KS O
when boundii 2 ( KS DO%ondakezalda@deyd dz33SadAy3d GKFG GKS Db

I yS3FGAGS NBIAdzA I G2NJ 2F Di+ AYGSNI OlAzyad Di

with calcium signalling machinery within a cell and it has been proposed that IP3 receptors

Oy 0SS I O00A @I (i SuBUNnitREeNgeOal, {2@03) StadiedDadn 'the alpha 2A

I RNBYSNEAO NBOSLIi 2N LINER PSR (Kihéterofiiide®s a@i *+ & dzo
directly responsible for the stimulation of RLC | YR (G KS NB{Drhet &, 2F OF f
19970 ¢ KSNB IINB |fa2 NBLRNIa GKFd FTNBS Di:' &
I OUA DA j@uitterdr et @I 19990 LG A& adzZBOAKSBRUONXKY Go&h D
TILEOATAGLE G§SR 0 g achivation by IBeNratingi theTeceptor stimulated GTP

binding (Quitterer et al,, 1999) Studies have also shown that the activity of calcium ion

OKIyy8ta Oy 08 LRGSYydAl ((BdRcal22801; WrRatal, G SR 0 @

1996)

Following the initial rapid increase in cytosolic calcium by IP3 receptors there is a second
slower phase involving extracellular calciumntrg, believed to be necessary for
maintenance of ER calcium stoi@arekhet al,, 2005) The entry of extracellular calcium is
known as capacitativealcium entry(Berridge, 1995)The enptying of ER calcium serves as

a trigger for a message that travels to the PM, resulting in activation of -sjpeeated
channels (SOCskallowing the movement of calcium from high concentration to low;

Extracellular calcium is approximately at a 10,008 tmncentration across the P®arekh
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et al, 2005) Activation of SOCs leads to the ldegn increase in cytosolic calcium
concentration, which in urn replenishes intracellular stores. The mechanism for this
second phase that couples ER calcium store depletion with calcium entry into the cell is not

yet fully understood.

1.2.4 Gprotein mediated cCAMP Regulation

The cytosolic concentration of CAMR a cell is kept at a relatively low concentration;
extracellular signals can cause cAMP levels to increase by more than 20 fold within seconds

of GPCR activationThe basal level of cAMP in a cell is kept low by cAMP
LIK2aLIK2RASAGSNI aS | OGAGAGe émokopHosphiaie RNIB)E & &4 S a
(Contiet al, 20030 . AYRAYy A 2T, subbnits té AG/is spéckKied Jay pdsth
translational Nterminal acylation, and results in a lowering of the intracellular cAMP
concentration(Taussiget al, 1994b¥ . A Yy R A sGEUNit® decurd bt a different site to

D h and results in an increase of cAMRhus, AC is under dual contrahd turnover of

substrate can be fine tuned by levelgptein binding(Simonds, 1999)

Increases in CAMP concentration results in further downstream effects mediated by-cAMP
dependent Protein Kinase A. Phosphorigaiof specific residues on a target protein allows
regulation of their function and PKA is also resgible for phosphorylation, and the
consequent deactivation, of GPCRs. PKA is a holoenzyme made up of four subunits; two
catalytic and two regulatory. The regulatory subunits undergo a conformational change
following the binding of cAMP, allowing them tassociate from the catalytic subunits
resulting in active PKA. The relationship between cAMP and adhesion of leukocytes is not

well understood. However, recent studies suggest that lowering of cAMP may be
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physiologically relevant and facilitate the migmatiof dendritic cells towards lymph nodes,

and inhibit firm adhesion of other leukocytéBurzynet al., 2002)

1.2.5 CCR5 Mediated Cytoskeleton Reorganisation

Ultimately, the activation of CCR5 leads to chemotafisa cell along a chemotactic

gradient towards areas that have a high concentration of chemokine. Movement of the cell

is brought about by the reorganisation of its cytoskeleton. The main effectors involved in
initiating chemotaxis of the cell are predonl yif @ dzy RSN GKS O2y (NPt

targeting(Neptuneet al.,, 1997)

Upon GLINR G SAY KSUSNRBGNRYSNI | OGA@GlIGAR2Yy Di ¢ OAY
resulting in intracellular calcium mobilisation. The subsequent calcium influx activates PKC,

which goes on to phosphorylate the fourth intracellular loop of CCR5ngeith motion
RSaSyaAarluraalrdAzy YSOKIyAaYao t[ /] FOGAQlIGARZY
activated which up regulates gene transcription for cytokine producticeet al., 2003)

However, studies in mice have shown this pathway to be dispensable for chemiiatis

al., 2000) In contrast, mice deficient in PI3K showed severe defectseukotyte

chemotaxigHirschet al., 2000)

Upon activation CCR5 has been shown to activate FI3K I & ¢St f | a wK2! NB
formation of lamellipodia. Rhofs a member of the Rho family of small GTPaadamily

which also includes Raand Cdet2. Their activation results in the -wvdinated
rearrangement of the actin cytoskeleton, which determines cell polarity, adhesion and
motility (Oppermann, 2004)The focal adhesion proteins (FAK), FAK and Pyk2, are also
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activated following CCR5 stimulation, these two proteins play an important role in cell
motility and spreadindGanjuet al, 1998) Activation of FAK and Pyk2 also results in the
activation of integrins by binding to their cytoplasmic face, promoting agfiesion and

migration(Hechtet al., 2003)

Evidence has recently emerged demonstrating that GPCR do not onlgnreliassical G
protein signalling pathways to signal. Work by Mued¢ral. demonstrated the ability of

Janus Kinase2bignal Transducers and Activator of Transcripti®xK/STAPathways to be
activated upon CCR5 stimulation in the presence of PTXy &Ai 0 A (i 2 dighatin§ Db
(Mueller et al,, 2004a) This suggests CCR5 can activate JAK2 iprat€n independent
manner. G protein independent activation of the JAK2/STAT pathway though a GCPR has
also been demonstrated by Marrero et al. who showed that angiotensin via the AT1

receptor activates the JAK2/STAT path\idarreroet al,, 1995)

1.2.6 G-protein Interactions with Other Signalling Pathways

For some time now the notion of discrete signalling pathways workingpewaigently
towards bringing about physiological changes has been questioned. There is accumulating
evidence that GPCR signalling pathways work as highly regulated cell specific networks,
with proteins working in concert to bring about chand&urevichet al., 2008) Although
research into this area is plentiful, describing interactions in a mechanistic fashion is
proving to be difficult in living systems. Recently crosstalk betwe®RSCand the
neurokininl receptor has been described, which results in enhanced chemotaxis of

macrophages(Chernovaet al, 2009. However, inding a definite model of crogalk
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between GPCRs and-@oteinsis difficult. Compoundsthat inhibit one part of a pathway

mayalso affectother signallingpathways thus complicating mechanistic studies.

Rac/Rho

Cytoskeleton

rearrangement

Figure 15 Activation of CCR5 by binding of chemokine results in the activation and inhibition of several
A&A3y It £ Ay 3, sunitsKnhibittadedylyl Byctlase resulting in the reductiondf@at LINR RdzOG A2y & D
targets several pathwaysultimately resulting in the release of cytosolic stores of calcium, cytoskeleton

rearrangement and the formation of lamellipodia, and desensitisation of the active receptor.
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1.3 Methods to Infer and Monitor Protein -Protein Interactions

The proteinprotein interactions that underpin the correct function of the cell were for so
long invisible by ordinary scientific methqdsteractions were inferred on the basis of
indirect assay systenand putative interadbns. However, the fundamental importance of
understanding he mammalian interactome hasdeo the development of a plethora of
direct assay methods capable of identifying protpiotein interactions. Each method has

its own strengths and weaknesses, esially with regard to theensitivityand specificityof

each method. These strengths and weaknesses need to be taken into account when
creating a suitable assay to measure interactions. In the interest of brevity it is not possible
to discuss all methodat our disposal, however, the key methodologies for investigating G

protein heterotrimerinteractionrswill be discussed here.

1.3.1 Indirect Methods

Indirect methods rely on measuring the physiological changes brought about from the
activationofaprotd y 2F Ay diSNBadoe Ly GKS OFasS 2F [/ / wp
family of heterotrimers results in a reduction of cAM#n increase in IP3 production and

cytosolic calcium release. Measurement of calcium release is one of the most common in

cell measurements used to assess GPCR activity. The release of calcium following GPCR
AGAYdzZ FGA2Y Ol y 0S8 2NIUGINGSD dBi SR idxd deyON ( & &2 T 21 yC
acting on downstream effectors. Changes in intracellular calcium can be measiihed
ion-sensitive dyes, whose excitation and emission properties change dependent on

whether or not they have bound calciugOne such widely used dye is F&AM.

Accurate measurement of cCAMP and IP3 in a cellular system has, until recently, relied upon

the radioactive labelling of such molecules. Traditionally the measurement of CAMP relied
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upon the useof **I-cAMP. Cells of interest are lysed and the cytosol usetktermine the

AMP concentration by using cAMP antibodies afittlabeled cAMP in a competition
binding assay. Free cAMP from the sangampetes with the radiolabeled cAMP and thus
reduced antibodycoupled radioactivity, the amount of radioactivity ftein the assay
mixture following thorough washing is inversely proportional to ¢cbacentration of CAMP

in the sample. Similar methods are employed to measure levels of IP3, where the
incorporation of *P ions into IP3 and a competitive capture assayridertaken to
determine IP3 concentrations. The biggest drawback to these methods is the associated
safety concerns when handling radioactivity and the need for specialist equipment.
Recently it has become possible to perform cAMP assays using a bioloemoesassay
based on the principle that cCAMP stimulates PKA activity, decreasing the available ATP in

assay solutions, leading to decreased light production in a coupled luciferase reaction.

The addition of compounds that have been proven to preventaierinteractions, such as
PTX catalysed ribosylation acting ® i subunits to prevent the active conformation,
combined with the use of these assays can yield information about the prpteiein
interactions involved in certain cellular responses. Hoavewas the results are inferred
from the measurement of second messengers downstream of initial interactions, there is

an undefined margin for error.

1.3.1.1 Small Interfering Ribonucleic Acids

The use of small interfering ribonucleic acids (siRNA), ledupith the measurement of
secondmessengers is another way that protginotein interactions can be inferred. siRNA

is a short sequence of double stranded RNA that complements a section of the genetic

sequence involved in coding for a protein of intereBredesigned synthesised siRNA is
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freely available to purchase, and can be easily introduced into cells. Once inside the cell,
the siRNA undergoes strand separation and are integrated into the RNA induced silencing
complex (RISC). The antisense strandhef siRNA then binds its complementary mRNA
sequence, which results in the targeted destruction of the mRNA and thus active protein
(Matrangaet al, 2005) By effectively removing the protein of interest from the cell, its
effects can be measured, allowing its protg@rotein interactions to be inferred. In
combination with direct methods of measuring interactions, such as immunoprecipatation,

SsiRNA can hplcategorically confirm interactions.

1.3.2 Direct methods

Direct methods of measuring protejrotein interactions have flourished in the post
genomic era, due to newly discovered genes without characterised functions. ldentifying
and understanding thenteractions of these proteins plays an important part in helping
decipher their function. Many of these developed methods can also help identify the

kinetics of interactions and the cellular location.

The major breakthrough in screening for protgirotein interactions was made by the
creation of the yeast 2 hybrid (Y2H) syst@rieldset al, 1989) Briefly, the Y2H system
works by relying on the modular sicture of transcription factors in yeast. By splitting a
particular transcription factor into two halves and fusing them to two proteins of interest,
termed the bait and prey, its function would only be restored if the proteins of interest
interacted. Thistechnique was limited to protein interactions in the nucleus. But the
principle of fusing complementary portions of proteins to bait and prey was transferable

and extended to allow measurements of interactions in other locat{®ishler, 2005)
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Built on the back of the Y2H system, protein complementation assays (PCA), using proteins
other than transcription factors revolutionised interactome stgli By tagging prey and

bait proteins with complementary portions of enzymes, fluorophores or ubiquitin, the
interactions of many more proteins could be measured. The ubiquitin system has been
applied successfully to identify interactions that occur betwewembrane proteins using
reporter proteins(Thaminyet al, 2004) methods using split enzymes such as lactamase
have also been employed for this purpd$&alarneatet al, 2002) However, both systems

rely on reporters that are time shifted from the actual event of interaction and may require
incubation with a substrate. These issues can be overcome by tagging bait and prey
proteins with two halves of a GFP. Bimolecular iiscence complementation (BiFC) has
been successfully used in many applications, and recently has been exquisitely used to

ARSYGATEe (GKS Ay dSNI OlA2iyfdvoBlypesat 8,2008) KS Di I yR

Although Y2H and PCA methods are adequate for identifying interactions, more
instantaneous methods are required to assess the kinetics and localisation of these
interactions in livingells. Two similar methods currently exist that fulfil these criteria, they

are fluorescence resonance energy transfer (FRET) and bioluminescence resonance energy
transfer (BRET). These techniques, unlike the Y2H system, are currently fairly cumbersome
and require expensive equipment, such as powerful confocal microscopes. However, with
the recent development of plate readers capable of measuring FRET and BRET signals, the
experimental processes could potentially be simplified and streamlined into a high

throughput screening (HTS) system.
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1.4 Fluorescence and Bioluminescent Resonance Transfer

Fluorescence resonance energy transfer (FRET) is the transfer of electron excitation energy
from a donor fluorophore to an acceptor fluorophore. When a donor flphiare is excited

with suitable monechromatic light, its excitation energy can be transferred fon
radiatively, that is to say without the appearance of a photon, to an acceptor fluorophore

by means of intermolecular long range dipalipole interactiongForster, 1949)

FRET can be thought of a molecular yardstick, allowing the interactions between
molecules and proteins to be measured, provided they are labelled with suitable
fluorophores.It is important to note that theefficiency of FRET energy transfer is inversely
proportional to the sixth power of the distand®tween donor and acceptor fluorophores
(Makiet al,, 1976) This means the ability to transfer eneriggtween fluorophoregapidly
decreases over distance. The effective range for FRET to occur ovED isrildependent

on experimentalconditions(dos Remediost al., 1995) Interestingly, this distance is within
the extent of conventional protein dimensions and sanito those of multimeric protein

complexes observed in biological systdiew et al., 2003)

Technological advances in light microscopy imaging, combivitd the availability of
genetically encoded fluorescent proteins have provided the tools necessary to assess the
temporal protein associations inside living céleimet al, 1996) Interactions between
adequately labelled proteins can be monitored by observing the emission of the acceptor
fluorophore in a system; the detection atceptorfluorophore emission indicates a lewl
donor-acceptor interaction. Ideally, emission of the acceptor fluorophore dwtoverlap

with the emission of the donor allowing for easy quantification of the interaction.

Workable FRET pairs need to include sufficient separatiercitation spectra for settive
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stimulation of the donor, an overlap greatthan 30% between the emission spectrum of
the donor and the excitation spectrum of the acceptor to obtafficient energy transfer,

and reasonable separation in emiss&pectra between donor and acceptluorophores

to facilitate independentneasurement of the fluorescence of each fluoroph¢Rmlloket

al., 1999) In biological systems the most commonly used desxmeptor pair is enhanced
cyan fluorescence protein and enhanced yellow fluorescence protein, both derivatives of

green fluorescence protein (GFP).

1.4.1 Fluorescence proteins for FRET
GFP was first described in the jellyfiskquorea Victorian 1955 and was subsequently
extracted, purified and identified as a protein in 19@&himomuraet al,, 1962) However,

its use in molecular biology did not begin outright until 1994ewlit was successfully

w»
[
)¢

cloned and expressefChalfieet al, 1994yp ! R2dzaiYSyda G2 DCt Q&
spectra were made shortly after this breakthrough providing more robust fluorophores for
use in molecular biology. Fluorescence is dependent upon a regidneoprotein that
forms an imidazolidinone ring; the residues serine 65, tyrosine 66, and glyciMu@ating
residues in close proximity to this imidazolidinone ring skews the absorbed and emitted
wavelengths of GFP resulting in variations of @kfetsinger, 2005)Various mutations
have resulted in the development of Cyan FP, Yellow FP, Red FP, Saffron FP, Blue FP as well
as many more minor variations. Many factors affect the ability of protein pairs to belsgave a

FRET pairs, special consideration must be given to the amount of spectral overlap between

the fluorophores, the distance between them, and the quantum yield of the donor protein.

Many pairings have been tried since the inception of the FRET technigagaanwhich

satisfies all these requirements is ECFP and EYFP. Consequently, ECFP and EYFP has become

one of the most widely utilised donor acceptor pairs for protpiotein interaction studies.
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The excitation wavelength of EYFP overlaps with the emisgavelength of ECHFigure
1.5) allowing FRET to occur without too much overlap with its emission spectra with the

emission spectra of EYEBryczynski, 2005)

1.4.2 Living System FRET measurements

Measurements of many proteiprotein interactions by FRET have been conducted in intact
cells. Some examples of interactions that have been stuoyeBIRET are GPCR dimerisation
& (i dzR 7argedtiB biriding to GPCRs, and protein folding interaction with chaperggs,
2001) The introduction ofFRET for the study of@otein activation in intact cellsegun in
Dictyostelium(Janetopouloget al., 2001)and was laterutilised in other systems including
yeast (Yiet al, 2003)and mammaliansystems(Azpiazuet al, 2004; Bunemanret al.,
2003) Currently, the majority of this work has been performed with the use of confocal
microscopy equipment, and until recently there was not an adequate plate reader system
capable of measuring the fast kinetics seenGprotein activation in a FRET based assay

(Talbotet al., 2008)
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Figure 1.6 Normalised absorbance and emission spedor ECFP and EYFP. The emission spectra of
has substantial overlap with the absorbance spectra of EYFP absorbance, resulting in the non re
transfer of energy to EYFP, resulting in EYFP fluorescence following ECFP excitation, when ECHi#

10 nm.
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1.4.3 Bioluminescence Resonance Energy Transfer

Bioluminescence is a naturally occurring form abfemiluminescencenvhere energy is
released by a chemical reaction in the form of light emission. This natural phenomenon can
be used to investjate proteirprotein interactions in living systems in the same way as
FRET. By replacing the donor fluorophore used in FRET with a protein capable of producing

light in a chemiluminescent way a more sensitive system can be created.

In nature the sea pansyRenilla reinformasalong with other aquatic organisms respond to
mechanical stimulation with the release of calcium from intracellular stores, which results
in an indirect stimulatory effect upon its species specific luciferagenillia uciferase
(rLuc). Light is produced from rLuc by the catalysis of colentrazine with ATP and oxygen to
colenteramide, on its own this results in emission at approximately 480 nm. However, GFP
is located closely and energy is transferred by resonance ereaggfer resulting in a

spectral shift to 520 nm.

Several modifications to this system have made it more suitable for the measurement of
protein-protein interactions in mammalian cells; such as the development of more stable
substrates, codon optimised_uc cDNA and decreasing spectral overlapdonor and
acceptor emissiors. The major advantage of using BRET over FRET is the reduction of
autofluorescence and incidental fluorescence. However, BRET does suffer from low
emission from the donor and acceptfiuorophore and therefore has the need for high
quality microscopes and powerful photomultiplier detection units, which can be
prohibitively expensive. In practice BRET has been used successfully to measure GPCR

dimerisation in mammalian cell§Angers et al, 2000) and has undergone vast
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improvements which allow it to measure many more, presiy invisible proteifprotein

interactions(Xuet al., 2007)

1.5 Aims and Hypothesis

The studies outlined in this thesis represent a planned body of research directed at
developing a robust assay to elucidate the protpiotein interactions involved in CCR5
mediated heterotrimeric @rotein activation.Prior to commencing this researcexisting
knowledge supported the notion that CCR5 may interact with more than one family or
permutation of heterotrimeric Groteins. It was hypothesised that it may activate
different heterotrimers dependent upon the ligand and cell specific environméet t
receptor is located in. Typical assay methods employed to investigate these interactions in
living cells, in real time, rely on inferring interactions from indirect assays that measured
downstream effectors. Resonance energy transfer approaches alloeval approach to

identifying proteinprotein interactions

To investigate this hypothesis this research was designed to approach the problem

addressing three main aims;

i.  The creation and characterisation of suitable cell lines suitable for use in high
throughput, real time FRET or BRET assays.
i. The developmentand implementationof a high throughput FRET or BRESay
system to measure proteiprotein interactions.
iii.  To explore the molecular interactions of CCR5 activatguio®ins, using existing

technologies.
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Chapter Two
Materials and Methods

2.1 Cell Culture

All cell lines were grown at 37°C, 5%, G@uman Embryonic Kidney cells stably transfected
with CCR5 (HEK.CCR5) were a kind gift from British Biotech (Oxford, UK) and were cultured
in conplete DMEM Ihvitroger) (DMEM, 2mM dglutamine, 10% foetal calf serum
(Invitrogen) 100 U/mL penicillin 100 pg/mL streptomyc{invitrogen) 1mM sodium
pyruvate (Invitrogen) 100um nonessential amino acigewitrogen) and supplemented
with 100pg/ml hygronycin B in order to maintain selection pressure for CCR5. Chinese
Hamster Ovary cells stably transfected with CCR5 (CHO.CCR5), as dé@dcrdiedet al,,
2002b) were cultured with complete DMEM supplemented with 4001g/@B18 to
maintain selection pressuréieLaRCG49 cells stably expressing CCR5 were obtained from
D.Kabat(Plattet al., 1998)and cultured in complete DMEMJaterials for cell culture and
buffer composition were bought from Fish8cientifi¢c unless otherwise statedallein was

bought from Tocris and dissolved in DMSO at a stock concentration of 75 mM.

2.1.1 Routine Conditions

Cells were grown in polystyrene 75 twented cap flasks (Nuni) a humidified cell culture
incubator (Thermo Scientific) with gt@vels maintained at 5%cell culture was performed
in a HEPA filtered vertical laminar airflow cabinet (HeraeuspnUeaching approximately
80% confluency, cells were washed in KBSitrogen) 1.5 mM potassium phosphate
monobasi¢3mM potassium phosphatéibasic,150 mM NaCl; pH 7)2nd resuspended by

soaking in PBS supplemented with 1 mM EDTA for 10 minutes at 37°C. The majority of cells
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lifted from the cell culture surface within 10 minutes, the remaining were resuspended by
gentle agitation of the culturapparatus. Aliquots of cell suspension were centrifuged for 5
minutes at 80k g and the supernatant was removed. Cells were resuspended in complete
DMEM supplemented with selection antibiotics apldted at the appropriate density into

cell culture flasksCells for cryopreservation underwent the same resuspension procedure,
but were resuspended in FCS supplemented with 10% D&RfmnaAldrich) (v/v) and
gently pipetted into vials suitable for cryogenic preservation of mammalian cells. Vials were
wrapped i tissue and placed in a cell freezing container8®°C overnight. This allowed

for the critical cooling rate (1°C/min) required for successful cryopreservation of cells. Long
term storage of samples was achieved by transferring vials to liquid nitrddgches of

stable transfectants were typically preserved between passage 3 and 6.
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2.2 Calcium Flux Measurements

2.2.1 Fura-2 loading

Detachment of cells was achieved by removal of the media and incubation with EDTA/PBS
(ImM EDTA). Cells wepelleted by centrifugation al000x g for 3 minutes and washed
twice in calcium flux bufferGAF (137 mMNad, 5 mM KCI2 mM MgC}, 1.5 mM CagG|

10mM HEPES pH 7.4, 25mMGlucose) to remove residual EDTA and lysed cells. Cells were
resuspended to coremtration of 2x1@/ml in CAFand loaded with the membrane
permeable acetoxymethylester (AM) form of fu2a(SigmaAldrich)at a concentration of

2 uM. The AM moiety facilitates membrane permeability of f@rdoy masking negative
charges of it carboxyl gups, creating an uncharged and hydrophobic compound capable
of diffusing across the cell membrane. Once inside the cell, the AM group is cleaved by
cellular esterases, resulting in trapping fitan the cytosol. A stock solution of fuaAM

was made irDMSO to a final concentration of 1 mM and stored20°C in the dark. All

cells were loaded with Fuya for 40 minutes at 37°C in the dark.
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2.2.2 Ratiometric Measurement of Calcium Release

Following the loading of cells with Fu2acells weregelleted by centrifugation att000x g

for 3 minutes and washed twice @AFbefore being resuspended to a concentration of
2x1@/ml in CAF Cells were gently pipetted into black, solid bottomed, 96 well plates
(Fisher Scientific, UK) and placed in a plate reaBatiometric measurements were
achieved using a BMfuorostar spectrofluorometer (BMG Labtech, Germany) set to excite
cells sequentially at 340 nm and 380 nm and measure the resulting emission intensities
alternately at 510 nm. In order to ensure a stariight path, 100 ul of loaded cells were
pipetted into each well. Data were recorded by Fluorostar control software (BMG Labtech,

Germany).

2.3 Spectrophotomic and Statistical Data Analysis

All spectrophotomic data pertaining to calcium flux measurerserERET, BRET and
qualitative cAMP measurements was measured using a BMG fluorostar optima fitted with
relevart excitation/emission filters @ble 2.1). Relative emissions were recorded by BMG
Optima Evaluation software in conjunction with Microsoft Windovwata was further
transferred to Microsoft Excel 2007 for statistical analysis. Significance between recorded
means was calculated in Excel by performing unpaired;taied t-test on samples. Real
time traces, area under curves and sigmoidal curvénfittwas performed irGraphPad

Prism 4. Likewise, logg@nd efficacy values were calculateddnaphPadPrism 4.
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2.3.1 Calcium Flux Analysis

Wells containing Fura2 loaded cells were alternately excited at 340 nm and 380 nm and
resulting emission interiges were measured at 510 nm. Fluorostar control software was
programmed to excite samples at 340 and 380 nm with an interval of 1.1 seconds between
light pulses, allowing redime ratiometric measurement of calcium mobilisation following
stimulation. Repective fluorescent emissions were recorded and a ratiometric trace
produced by calculating the ratio of 340 nm emission over 380 nm emission in Microsoft
Excel 2007. The pitimulation baseline was averaged and subtracted from the maximal
ratiometric measurement recorded following stimulation. This value was then divided by
the average prestimulation value to provide the standard calcium flux value. This method

of analysis allows for comparison between experimeriter® cell number differs.

2.3.2 FRETand BRET Analysis

FRET measurements were performed in solid bottom, black, 96 well fadssarjusing a

BMG Fluorostar plate readeFilters were set to excite ECFP at 435 nm and EYFP at 510 nm
and resulting emissions recorded at 485 nm and 530 nmpecdely. Filters were
programmed to alternately switch between excitation and emission filters with an interval
of 1.1 seconds between light pulses. The amount of flashes per measurement was set to
ten per well in order to avoid photobleaching. Subsedquemissions were recorded,
allowing the real time ratiometric measurement of the FRET signal. As no external light
source is used for BRET experiments, filters were set to record emission at 530 nm and
overall luminescence. Ratiometric FRET data was peatlog dividing fluorescent emission

485 nm by fluorescent emission 530 nm. Traces for real time FRET measurements were
created inGraphPadPrism 4 by plotting points on a xy scatter graph. A curve was fitted to

data points by plotting the weighted average¥ SI OK LR Ay (iQa yAYyS ySA
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compare changes in the FRET ratio, the area under thegbiostilation curve (AUC) was
calculated. This was performed @raphPadPrism 4. To ensure comparative readings were
accurate, the baseline for measuriniget AUC was set to 1 and the area under all peaks

above the baseline was calculate and graph dimensions were equalised.

BRET experiments were performed in solid bottomed, white, 96 (@eltar)platesusing a
BMG Fluorostar platereaderFluorescentemission was recorded at 530 nm and
luminescence by selecting emissions to be recorded at 485 nm. Traces and graphs were

created using the same process as for FRET.

Assay Excitation (nm) Emission (nm)
Ca Flux 34010 51012

Ca Flux 380-10 51012

ECFP 435p 485p

FRET 435p 53012

EYFP 51012 53012

BRET None 485p

BRET None 53012

CAMP None Lens

Table2.1. Combinations of filters used for different experimental procedures.

2.3.3 Concentration Response Curve Fitting and Analysis.

Concentration response graphs were plotted and analysed GitiphPadPrism 4. Cells
were stimulated with varying concentrations of CCL3 and calcium mobilisation was
monitored. Calcium flux values were recorded and plotted on a xy scatter graph against the
corresponding CCL3 concentration. Collated data points were fitted to a nonlinear
regression curve using a sigmoidal dossponse equation which assumes a hilledficient

of 1. Inbuilt data analysis software calculated logia@lues and bottom and fovalues.

55



2.4 Fluorescence Microscopy

2.4.1 Slide Preparation for CCR5 and Fusion Protein Visualisation

Cells were resuspended by incubation with 1 mM EDTA/PBS, washed in PBS three times
and resuspended in complete growth media containing appropriakecsion antibiotic to a
density of 2x10ml. Glass coverslips were meanwhile rinsed in 70% ethanol and allowed to
dry in sterile conditions. Coverslips were placed in 35 mm cell culture dishes with 2 ml of
complete DMEM containing appropriate selectiamtibiotics. A final concentration of
2x10 cells were added to each dish and left to incubate at 37°C overnight. The following
day, glass coverslips were removed from cell culture dishes and gently washed three times
in PBS. Cells were fixed in 4% panaf@idehyde solution for 10 minutes at 4°C and washed
following incubation. Cells to be stained for CCR5 expression were incubated for 35
minutes at 4°C with arCCR5 antibody HEK/1/85a/7a, an antibody raised against intact
CHO.CCRS5 cells and the CCRérminal peptide(Mueller et al, 2002a) washed three
times with PBS, and incubated for 35 minutes at 4°@ WRITC or FITC labelled aatilgG
(seeTable2.2 for a full list of antibodies). Cells were washed three times with PBS and
mounted with glycerol onto a glass slide. CCR5 localisation and expressiopratei@

fusion proteins linked to ECFP or EYRER wisualised using a Zeiss fluorescent microscope

in combination with Axiovision imaging software (Zeiss, Germany).
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Antibody Manufacturer Dilution

Gift from J. A. Mackeating
Anti CCR5 HEK/1/85a/7a | Reading (Mueller et al, | Undiluted

2002b)
Anti Rat TRITc conjugate

SigmaAldrich 1:200
IgG
Anti Rat FITC Conjugd 1gG | SigmaAldrich 1:1000

Table 2.2 Antibodies used for CCR5 immunofluorescent staining of CCR5

2.4.2 siRNA Transfection Visualisation

LfEE{dFNaExn yS3l (Riegdmodiey tid Ndhthin arhoddmine moiety was
used to determine transfection rates of siRNA. Cells were transfected in clear bottomed,
black, 96 well plates and, after 72 hours, washed with PBS and viewed on a Leica DM IL

~

fluorescence microscope fitted with / , o FAf GSNJ OdzoS OSEOAGL
Germany). Cells were counter stained with DRgmaAldrich)in order to visualise the
nucleus. DAPI was dissolved in PBS to a final concentration of 100 ng/ml and incubated

with cells grown in a clear botioed, black, 96 well plate at 37°C, 5%,.Ckbllowing

incubation cells were washed three times in PBS and viewed under the microscope.
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2.5. Cloning and Molecular Biology Techniques

2.5.1 Plasmids

The pcDNAS3.1 vector was used for amplification of adirissnE.coli pcDNA3.1 with insert
were either used for transfection or inserts were excised and ligated into pcDNAG\G&
pPpZEO SV2 ready for transfection. The specific cloning practice utilised for different

experimental procedures is outlined wherglevant.

2.5.2 Primers

All primers were purchased from Invitrogen and resuspended in PCR qualitytovatéinal

concentration of 250 uM

Dh EGFP

pQ tNypQ ¢/ D D!¢ / /! ¢DD D/ |BAMHIintroduced

0Q tNpQ ¢¢D D! ¢ [/ /IID¢ D!/ ¢D¢D| BAM HI introduced

EYFMD j;

pQ t NpUOUAAGCTTCTTCCAS/ ¢ ¢ D ! DD|HIND Il introduced

0Q tNpQ / D! ' D/ ¢¢! ¢ DD ¢ D| HIND lll introduced

hrLuecDh A H

pPpQ t NNp RQTAAGCTTC TTC BAG TTG AGG AAG Q | HIND Il introduced

0Q tNpQ [/ D! ' D/ ¢¢! ¢ DD ¢ D| KPN Iintroduced

Table 2.3 A list of primers used and the cut sites introduced to inserts used.
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¢8u80g 40AT O&I OI AGETT 1T A& $(uvy

9 O 2t fnvittoyep Wastransformed with variougplasmid constructs for amplification

of plasmids. 35 pl d ® O 2 f WwereSHawed on wet ice and gently mixed by stirring with

a pipette tip. 5 pg of plasmid construct was addedEccolithat had been left to thaw on

ice and incubated on ice for a firer 30 minutes. Cells were heat shocked at 42°C for 90
seconds and placed on ice for 2 minutes. 965 pl ofvypmemed LB broth was added to heat
shocked cells and incubated in a rotary shaker at 37°C, 225 rpm for 2 hours. 200ul of
bacterial broth was sprehon LB agar plates containing ampicillin (20 pg/ ml) and grown
overnight at 37°C. Colonies were picked the following day and incubated overnight in 2 ml

cultures containing ampicillin (20 pg/ ml).

2.5.4 Plasmid Isolation (analytical)

Transformed bacteriacultures were centrifuged at 3900g for 5 minutes. The supernatant

gka RAAOINRSR | yR (KS L3 buffed(@uciuss 8NNITHERISIR Ay
pH8 50 mM, EDTA 50mM, TritoALRO 0.1% (v/v), and lyzozyme 10 mg/mL). The mixture

was then plaed in a heat block for 60 seconds at 100°C. After heating, the mixture was

immediately transferred to ice and then centrifuged at 9000 RCF for 15 mins. The pellet

(s}

00Stt ftealdiSo 61Fa NBY2OSR FNRBY GKS &adzZISNYI
Samples wre then centrifuged at 9000 RCF for 40 mins. The supernatant was removed and
Hnn >t 2F 1m: SOGKFy2f é6Fa FRRSR (2 GKS LISt f €

five minutes. The supernatant was carefully pipetted out and the pellet was air dried.

PPIFraYARa 6SNB (KSy NBadzaLISYRSR AY Hn>t 2F twm
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2.5.4.1 Plasmid isolation (amplification)

Transformedd ® O 2 £ #vas pitkedfrom an ampicillin resistant agar plate with a sterile
pipette tip and grown in 2 ml of LB mediapplemented with ampicillin26ug/mL) at 37°C,

225 RPM. The culture was then transferred into 100ml of LB/Ampicillin media and grown
over night at 37°C, 225 RPM in a conical flask. The following morning the bacterial culture
was decanted into a 50 ml pkascentrifuge tube and centrifuged at 150@@at 4°C for 15
minutes. Reagents for plasmid isolation were purchased as part of a commercially available
YARALINBLI] {AG YR dzaSR Ay | O0O2NRIyOS (2
supernatant was idcarded and cells resuspended in 5 ml of resuspension buffesCPAM
TrisCl, pH 8.0, 10mM EDTA, 100ud¢/iRNase A) by careful agitatidml of lysis buffer P2
(200mM NaOH, 1% SDS) was immediately added following resuspension and the sample
mixed by carefully inverting the tube 10 timésllowed by incubationfor 5 minutes at
ambient temperature. Following incubation, 5 ml of neutralisatibuffer P3 (3 M
potassium acetate, pH 5.5) was added and mixed by careful inversion of the tube. The
sample was centrifuged at5000x gfor 10 minutes at 4°C to remove cellular debris.
Meanwhile a DNA affinity column was equilibrated in equilibratioffdyu(750mM NacCl,
50mM MOPS, pH7, 15&opropanol, 0.15% Triton-200). The supernatant was added to

the column and allowed tflow through by gravity. The loaded column was washed twice
with wash buffer (1M NaCl, 50mM MOPS, B, 15% isopropanol), thdofv-though
discarded and 5 ml of elution buffer (1.25M NaCl, 50mM-CtigpH 8.5, 15% isopropanol)
added to the columnThe flowthrough was collected and 3.5 ml of isopropanol added,
before centrifuging the sample for 60 minutes #5000x g 4°C. The fernatant was
carefully removed and gently rinsed with 3 ml of 70 % ethanol. The sample was centrifuged
for 5 minutes at 15000 rcf, 4°C and the supernatant removed. The pellet was allowed to air
dry for 5 minutes and resuspended in 200 ul of TE buffer @0fisCl, pH 8.0, 1mM

EDTA)Plasmid concentration was determined by .spectrophotometry.
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2.5.5 Plasmid Digestion

Analytical digests were performed to confirm the correct insertion of inserts into plasmids.
Plasmid digestions were also performed twlade inserts for further processing. For
analytical digests, 1 pl of isolated plasmid was mixed with x10 buffer (NEB) and 20U of the
relevant restriction enzyme in a total reaction volume of 4I) made to volume by the
addition of nuclease free ddB (Pomega). The mixtures were incubated at 37°C for 2 hrs
and analysed by agarose electrophoresis. For digests involved in further processing, 16 pl
plasmid, 2 pl x10 buffer and 200U of relevant restriction enzyme were used in a total

reaction volume of 20 pmade up to volume by the addition of nuclease free gldH

2.5.6 Agarose Gel Electrophoresis DNA Separation and Purification

Digested plasmids were separated on 1% agarose gel (w/v), made by mixing agarose
powder in TAE buffer (500 mM TRIS, 50 édbétate,7 mM EDTApH 7.1) and boiling the
mixture in the microwave until the agarose dissolved. The mixture was left to cool to
approximately 60°C then 10 pul ethidium bromide (10mg/mL) was added. The mixture was
swirled and poured into a cast to s&ir one hour with a well casting comb in order to
create wells for sampleShe set gel slab was placed in an electrophoresis tankR &),
covered with TAE buffeDigested plasmids were mixed in a 1:4 ratio with X4 sample
loading buffer (50 mM TRIS, 5 mM EDTApZ5ucrose, 2 mg/mL bromophenol blue). 20 ul

of the resulting mixture was loaded to each wéllectrophoresisvas performed for 45
minutes at 110 volts. Ethidium bromide intercalates double stranded DNA, allowing for
fluorescence visualisation of fragmentsy excitation with UV light. During brief
visualisation, in order to prevent denaturation of DNA, excised fragments were cut from
the gel and placed in plastic tubes. Agarose was solubilised and DNA isolated using a

commercially available purification KiQiagen)
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2.5.7 Polymerase Chain Reaction

For PCR, 10uL of XTaqgreaction buffer (BieRad), 1 pL of forward primer, 1uL of reverse
primer, 5 puL of 2 mM dNTP (NEB), 8 uL of 25 mM M§G0 ng of template DNA were
added to a PCR compatible microfuge tube and the volume made to 100 pl by the addition
of PCR quality water (BRad). 0.5 yL dfagpolymerase was added to the reaction mixture

and the microfuge tube placed in a thermal cycl€he reaction mixture was heated to
94°C for 40 seconds, followed by cooling to 55°C for 90 seconds and heating to72°C for 60
seconds. This cycle was repeated 30 times, with tHe&@le holding the 72°C extension

for five minutes before cooling the aetion mixture to 4°C. A control containing no DNA
template was run to ensure no contamination. Amplification of the desired sequence was
confirmed by running samples on an agarose electrophoresis gel loaded. Amplified

sequences were purified with a comneglly available purification kit.

2.5.8 Phophatase Treatment of Sequences

Cut vectors were treated with calf intestinal phosphata&P)(NEB)to prevent re
annealing of cut ends. Samples were resuspended in TEbuffer (NEB) to a concentration of
0.5 pgflo pL, CIP was added to a final concentration oflfjfg DNA. The reaction was
incubated at 37°C for 60 minutes and resulting DNA purified using a commercially available

plasmid purification ki{Qiagen)

62



2.5.9 Purification of DNA after Enzymatic reac tions

Enzymes and other impurities were removed from DNA containing solutions by passing the
reaction mixture through a Qiaquick DNA clean up kit (Qiagen). Buffer PN was added to the
DNA mixture and pipetted to spin column containing a silica membraneamuifuged for

1 minute at 8000 x g. Nucleic acids in the mixture adsorb to the silica membrane in the
high-salt conditions provided by buffer PN, while other impurities are collected in a
disposable tube and discarded. 30uL of PCR quality water (8.8) Was added directly to

the silica membrane and left to stand for 1 minute before centrifuging for 1 minute at

17,000 x g. DNA concentration was determined by absorbance at 260 nm.

2.5.10 Ligation

For ligation 10250 pg of DNA was added to ligation buffer (660 mM “FRIE 50 mM

MgCl, 10 mM ATP, pH 7.6) and 1 yL (1U) of T4 DNA Ligase (NEB) was added to the mixture
and incubated at room temperature for 3 hours. Ligated constructs were confirmed by

digestion and analytical agarose electrophoresis.

2.6 Transfection

2.6.1 Transfection of DNA

Transfection of plasmid constructs into HEK.CCR5, CHO.CCRS3ebatRCG49 were
performed using GeneJuice (Novageh)pofectamine (Invitrogen), or FuGene(Roche),
following the manufacturers procedure for transfection of adherent cells in a 35 mm cell
culture dish. Cells were seeded one day prior to transfection and were always between 50
80% confluent when transfected. Exact amounts of GeneJuice and plasmid winésegt

for each cell type and plasm{d@able 2.4)
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2.6.2 Transfection of SIRNA

siRNA sequences were resuspended in siRNA resuspension buffer (Qiagen) to a final
concentration of 20 uMHeLaRCG49 were resuspended by incubation with EDTA/PBS for 10
minutes at 37°C, washed and resuspended to a final concentration %/mlth complete
DMEM. Cells were seeded immediately before transfection into a 24 well plate, 500ul of
cell suspension was added to each well and the plate incubated at 37°C,.5F6€®ach

well to be transfected 100 ul of plain DMEM and between 7.5 1% ng ofsiRNA was
added to the media imn RNAse free plastic vial and immediately vortexed for 10 seconds.
1.5 ul of INTERFERIn (Polyplus, France) was then added to the mixture, miggatipna

with the pipette and incubated in sterile conditions at room temperature for 15 minutes.
Following incubation, which allows transfection reagesiRNA complexes to form, 100 pl

of mixture was added to each well. The cell culture dish was miyesiirling the plate
gently then subsequently incubated for 72hrs at 37°C, 5% lefore harvesting for
experiments. Final siRNA amounts used during transfection were optimised for each

sequencgTable 2.5)

2.6.3 Transfection Reagents and Volumes

Reagent Manufacturer Ratio to Plasmid DNA (uL:ug)
GeneJuice Novagen 10:5
FuGene Roche 10:5
Lipofectamine Invitrogen 10:4

Table 2.4 Reagents and Ratios for Plasmid DNA transfections in 35mm dishes

Reagent

Manufacturer

Ratio to siRNA (pL:ng)

INTERFERIn

Polyplus

1.5:7.515

Table 2.5 Reagent and Ratios for siRNA transfections i plates per well
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2.7 Western Blotting

Western blot analysis enables the qualitative detection of a specific protein from a mixture
of proteins by utilising antibodies diceed against the protein of interest. Not only does it

provide information about the level of protein expression but also the size of the protein.

2.7.1 Protein Extraction and Preparation

Protein was extracted from cells cultured in a 35 mm cell culdlisb using a combination

of cell lysis buffer (THBICI 0.1 M, 20% glycerol, 10% SDS, pH 7.6) and sonication of cellular
material. Cultured cells were resuspended with EDTA/PBS and centrifuged at 4000g for five
minutes. The pellet was resuspended by vigmrqipetting in lysis buffer followed by
approximately 10 pulses with a sonicating probe fos at 80% amplitude and 0.8 pulse.
Samples were spun for 5 minutes at 14000 g, the pelktatded and x4 sample buffet%

SDS, 0.02% bromophenol blue, 20% glycerol, 10% mercaptopropandiol, 80 mM Tris pH 6.8)
added to the supernatant to ensure all proteins are denatured and to facilitate loading to
the gel. Samples were then heated to 95°C for 5 minutes and placed on ¢oeltduring

the assembly of apparatus.

2.7.2 SDSPAGE Gel Electrophoresis and Protein Transfer

Samples were run on a 13% acrylamide resolving gel (0.67155g Tris/SDS 2% pH 8.8, 13%
acrylamide v/v, 0.1% ammonium persulphate w/v, 0.01% TEMED v/v) and loaded onto a
4.5% acrylamide stacking gel (0.1089g Tris/SDS 2% pH 8.8, 4.5% acrylamide v/v, 0.1%
ammorium persulphate w/v, 0.01% TEMED v/v). Protein samples were loaded to the gel

together with broad range protein marker (NEB). Samples were run at room temperature
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at a constant voltage of 200V, until the dye front reached the bottom of the gel, which

typically took 45 minutes.

Protein transfer was achieved using a-Biad semry electroblotter. Sponges, filter paper
(Whatman) and nitrocellulose membrand®Vhatman) were soaked in transfer buffer
(pH8.3, 25 mM Tris, 192 mM glycine, 10% methanol) at roanpézature for 15 minutes

prior to assembly. The SIPage gel was placed together with the nitrocellulose membrane

in a sandwich of thick filter papers and sponges, and a voltage of 15V was passed through

the stack for 45 minutes to ensure complete transfer

2.7.3 Immunoblotting and Development

To avoid unspecific binding of antibodies to transferred proteins, membranes were
incubated in a blocking solution of 0.5% Twe&$hin PBS (PBIS with 5% fateduced milk

powder (Marvel) for one hour at room tempegiure with gentle shaking. Membranes were

then washed for 10 minutes in PBSthree times before being incubated with primary

antibody diluted in 5% PBBovernight at 4°C in a rotary wheel. Dilution fastr primary

antibodies were 1:100 for HEK/1/85al | YR wmYpnn ¥ 2 NJ (Fablé 2.6)INP 6 SR
Membranes were then washed for 10 minutes in ABree times before being incubated

with secondary antibody for one hour at room temperature on a shaking plate. Secondary
antibodies were diluted in blking buffer by a dilution factor of 1:1000@able 2.7)

Membranes were then washed fotO0 minutes, three timesn PBST. Proteins were

detected using Novax Chemiluminescence reagents (Pierce) according to the

YI ydzF I OG dzZNBNDa Ay a or\dlaGuiekl vgsdatectédivih abrkyTiknG NB I O
(GEHealthcare Life Sciences)) and developed using an automaigraxh developing
YIOKAYS 0Y2RIF10 FOO2NRAYy3a (2 GKS YI ydzFl Ob dzN.
photographed using a digital cameréSamsag) and transferred to computer file
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2.7.4 Antibodies for Immunoblotting

Antibody Manufacturer Dilution
Anti CCR5 HEK/1/85a/7a | A kind gift from J. A 1-100
(Rat) Mckeating, Reading '
Anti-D r}z
SantaCruz 1:500
(Rabbit)
. SantaC 1:500
(Rabbit) anta-tuz
Anti-D hllg
. SantaCr 1:500
(Rabbit) He
Table 2.6 Primary Antibody Details
Antibody Manufacturer Dilution
Anti-Rat 1gG Horseradis
a SigmaAldrich 1:10000
Peroxidase
Anti-Rabbit 1gG Horseradis _. .
rrablt g " SigmaAldrich 1:10000

Peroxidase

Table 2.7 Secondary Antibodyetails
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2.8 cAMP Measurement

cAMP levels were determined usitige bioluminescentcAMRGIo™ assay developed by
Promega. The assay allows for the measurement of cCAMP without the use of radioactive
compounds or the need foprohibitively expensive atibody ELISA assays. The assay is
based on the activation of protein kinase A by cAMP, resulting in decreased ATP levels in
homogenised cell lysate. In this assay, bioluminescence produced is proportional to levels

of ATP, and therefore reversely proporia to cCAMP levels.

HeLaRCG49 cells were grown to approximately 80% confluency in 35 mm cell culture
dishes. Cells were resuspended in EDTA/PBS, centrifuged at 1000 g for five minutes and
resuspended in induction buffer (PBS containing 1 mM Isobutylmethylxanthine (IBMX)), to
prevent thosphodiesterase activity, to a density of 1.5 ¥ &l and incubated for 30
minutes at 37°C 5% GCCells were then incubated in induction buffer containing 10 uM
forskolin (Tocris) an activator of adenylyl cyclase, and treated with Gallein or a DMSO
control and incubated for a further 20 minutes. Following treatment, cells were centrifuged
and resuspended to 1.5 x 10nl in induction buffer. For dose response curves, cells were
treated with varying concentrations of CCL3 for 3 minutes, before thetiaddof lysis

buffer (Promega, proprietary formula). The qualitative amounts of cAMP under different
conditions were determined using the cANIPf 2 | &l & FF OO0O2NRAy 3 (2

instructions (Promega).
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Chapter Three
Creation and Characterisatio of
Cells Stably Expressing Tagged-G
Proteins

3.1 Introduction

The task of measuring protejprotein interactions in living cells is fraught with difficulty,
with no single method able to simply and adequately detect th&t variety of interactions
within living cells. FRET has, in recent years, become a relatively popular method to
disseminate the interactions of a protein couple in model single cell systems. Transient
transfection of DNA coding for the protein(s) of interest linked to a fluorescenepras a

well defined method of monitoring interactions. Although there are advantages to this
methodology, there are several drawbacks and limitations associated with single cell work.
Overexpression of tagged protein is often required in order to cremt®/stem capable of
being monitored by FRET, this can result in the loss of normal physiological function of the
cell. Transient transfection required to create this system can result in inconsistent
expression between cells. Measurement of FRET in shedjleystems often relies upon a
laboratory being equipped with a high quality live cell imaging confocal microscope.
Development of a stable expression system would circumnavigate these issues and allow

for rapid high throughput screening of ligand spiiegdrotein-protein interactions.
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At present there are no cell lines that possess all the characteristics required for the
measurement of proteirprotein interaction by FRET. However, several cell lines are
suitable to usedr creating stable cell linedue to their ease of transfection and simplicity

of cell culture. Human Embryonic Kidney 293 (HEK) cells and Chinese Hamster Ovary (CHO)
cells are well established and well characterised cell lioezrry out transfections in, and

have previously been deribed to stably over express CCR5 with no physiological
perturbation (Mueller et al., 2002b; Muelleret al,, 2004a) The ease of transfection and
culture will aid the clonal selection of cells exhibiting qualities required for the creation of a

cell line capable of being used to measurprGtein activation by FRET.
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3.2 Results

A prerequisite to the creation aftable cell lines is the creation of plasmids containing the

coding sequence for the protein of interest. Plasmids containing full length, sequence
GSNAFTASRTE yR SELINBaaAzy OSNATR SRdzOwsyk ! Dia S|j d:
bought from Missouri S&TcDNA Resource Center. These sequences were free of

SE20GNI yS2dza 0o0Q YR pQ dzyiNlyatlidSR NBIA2YE |

During the course of this project several plasmids containifmgd®in fusion constructs

6 SNBE ONEBI (i S RAECARIGAGTDNAG\BYITEYFP i, were initially created
alongside pcDNA3.1:E¥BP; and pcDNA6/VB A a YEBFP for transfection into
HEK.CCRS5, which stably expresses CCR5 concomitantly with a hygromycin resistance gene.
pcDNA3.1 contains a geneticin resistance gand pcDNA6VbIis contains a blasticidin
resistance gene, therefore allowing selection of multiple transfectants. The stable
expression of CCR5 in CHO.CCRS5 cells was selected by the concomitant expression of a
geneticin resistance gene, consequently aaaisil vectors for transfection of constructs

were created to allow multiple selection in CHO.CCR5. pZeo SV-DEYé€dhtaining a

zeocin resistance gene was created to circumnavigate the problem of identical resistance
genes in plasmids and facilitate sdlen of stable cell lines in CHO.CCR5. pcDNA6/V5

| A a YERFP was used in CHO.CCRS5 as well as HEK.CCR5. For a full list of plasmids used in

the creation of stable cell lines sdable 3.1
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Cell line 1* plasmid Expression 2" plasmid Expression 3 plasmid Expression
e | e cors | POVEWS evm,

oo | pRescerecoms | PMEMIS  puecr

oo | geesco coms | POVEWS  opy | TS oo
Gogers | PowaceRs oo

oL | PoMSo oo | PONSMIS  oieor

ccrever | ag SRS | lonciam  O'WECRP | TGy EvRDL

Table 3.1. A complete list aftable cell lines ppduced during this project. Plasmid and cDNA inseuted for stable cell line productioare listed; he antibiotic resistance gene used for

selection of the stable cell line is in brackets.
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3.2.1 Creation of Plasmids for HEK.CCR5 Stable Expression

DhRhOS5b! glka FYLEATASR 06& t/w AYOINRRddzOMYy3 - YI
ligated into pAC409Guided by previous studies showing fusion of ECFP does not perturb

the normal activity of the G alpha suburdanetopoulost al, 2001) ECFP was obtained

by PCR amplification of the ECFP cDNA sequence located in@EQ#Rchased from

Clonetech, with primers coding for N and C terminus Pstl cut sites. The amplified cDNA was
purified by agarose gel electrophoresis solubilisation and inserted into pAG40at the

V6IEGdzNF £ £& 200dz2NNAyYy3I t adm Odzi % aDNS segupnee. / ¢ D/ !
| 2 NNBOGt & SFERBNBEsIECERinsdted between a leucine and glycine residue

which form the turn between the®iand 2“ alpha helix of the @roteiy ® ¢ KS L / nndYD
9/ Ct O2yaidNdHzO0G éFa I YLXAFTASR o0& t/w gAGK LN
YR 0oQ NBIA2y&ad 6Dh . FLYIL pQs pQ ¢/ D D! ¢ [ /!
D!'¢ [/ /! I D! DD/ [/ D/ ! RBECFP ¢osstucightedDintoopGEMP ¢ KS |
amplified, excised, and was purified by agarose gel electrophoresis solubilisation then

ligated into pcDNA3.1(+) creating a plasmid construct that allows for selection in

transfected mammalian cells with G4J&dure3.1A).

The cDNAL S1j dzSy OS5 | 2 NJYILOE A TA S 08 t/w AYUNRBRdAzOA Y 3
BamH1 cut site, purified by agarose gel electrophoresis solubilisation and ligated into
pVL1392. EYFP was obtained by PCR amplification of the EYFP cDNA locatedNd ,pEYFP
purchased fromClonetec ¢ A UK LINAYSNE O2RAy3 F2NI pQ | yR
was then ligated into pGEM, transformed inte.coliand amplified, the plasmid was

purified by midiprep and EYFP was excised with EcoR1 and purified by agarose gel
eledrophoresis solubilisation. The resulting fragment was then ligated to theriinus of

L3t [ m o ¢phh¥ BYFB i, construct was amplified by PCR with primers containing Hindlll
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7

Odzi aAidSa (2 (KS Ay®RLAITARGCEICT TGORGAN GTYGAGGARG
C QNI PYRLLL 0QX pQ/ D! I D/ ¢ ¢! ¢DD ¢D! D/ !
pcDNAG/VEHIs allowing selection in mammalian cells with blasticidiigyre3.1B). The
EYFM i; construct was removed from the pcDNA6AAs vector by restrigbn nuclease

digest with Hind Ill and ligated into pcDNA3.1(+)to form an additional vector for

transfection.

s /
Plcilyin | 2
[ / pcONAG V5-HIS:EYFP-GB, T
IV || 79Kx> | l | { 9.9Kb |
{ | | |
‘I \ \
\ \ // \
(Y \
\\\\ // \\
‘\_L// o~
c £
g 2
5
2 4

Figure 3.1 Schematic representations of the plasmids produced and transfected to create s
HEK.CCR5 expressingpfdteins tagged with flusescent proteins.Both plasmids contain ampicilli
NBaAdlyO0S 3ISySa FT2N) aStSOiGA2y Ay ol O SN I s
FLILINRBEAYIFGStf&@ mmnn oL AY fSyaidKo | 245 %eONNTived ri
to two coding regions of approximately 300 bp and 800 bp. pcDNA3.1 contains a neomycin resi
gene allowing selection using G418 in mammalian cells. (B) EYFP is approximately 700 bp in ler

Di; is approximately 1000 bp in lengthThe blasticidin resistance gene inpcDNAG6/V5His allows

selection in mammalian cells using blasticidin.
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3.2.2 Selection of Stable Single Expression HEK.CCR5

Following transfection, with either pcDNA6/AES:EYRP i; 2 NJ LJO 5 b lECRPMCEIR h
were left to grow for 72hours and then harvested and seeded out at low density in a 96
well plate in appropriate selection media. Proliferation and morphology of transfected cells
was monitored by periodic viewing with a light microscoperoliferation in both
transfectants wasioted to be slightly slower than in the parental cell line. There was no

noticeable effect upon cell morphology following transfection.

Several cell lines that had a similar proliferation rate to the parental cell line were scaled
up. Cell morphology washserved not to be different to parental cells and expressibn
fluorescent construct appeared to be relatively high and uniform in the selected cell lines.
The cell lines chosen for further studies displayed excellent expression of taguede

(Figue 3.2).

Figure326! 0 | 9Y @9/ @p DR2GAYy I LI2 LIz | (i % EGFP.4B) REK.CCREIEKgPa a A 2y 2
stable cell line, showing population wide expression BYFFD i;. These pictures are representative of the

stable cell lines cultted in further experiments.
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3.2.3 Characterisation of Stable HEK.CCR5 Single Transfectants

Stable single expression cell lines were characterised by measuring response to CCL3
stimulation compared to the parental cell line. Expression of constructs hagndicant

effect on potency of CCL3 activating CCR5 mediated calcium releasEg, values of
aldloftS | QEQFP am HEKDOCRS HYiFRlosely matched parental value ef
7.451M(+0.1107 M, n=6peing-7.472 M(+0.1376 M, n=63nd-7.554 M(+ 0.1482 M, n=3)

respectively [Figure3.3). This clearly indicates that the stable expression of either construct

does not perturb the normal signalling mechanisms of CCR5.
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Figure 3.3 Dose response curves of single stable transfected &iaks. (A) HEK.CCR5 EXFR shows no
decrease in efficacy opotency for CCL3 following transfection and selectidrtog EGy HEK.CCRY.451 M,
HEK.CCR5 EY¥BP, -7.554.6 . 0 | 9 Y ¢-ECFR ghowB o decrease in efficacy of potency for CCL3
following transfection and selectionLogEGy HEK.CCRF ®npm aX | ECRR7.47% pl Phtied
points were normalised to the maximaHEK.CCRBalcium flux. Bch point represents three or more

individual experiments.
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3.2.4 Creation of HEK.CCR5 EYFP ' J2-ECFP

HEK.CCRS EYPR 6| & T @2dzNBR F2NJ NI V-BGFB Oicredteya 6 A (1 K
stable cell line capable of FRET, due to its quicker proliferation rates. Following
transfection, sable cell lines were selected using a dual selection media containing
blasticidin, G418, and hygromycin. Cells that survived were harvested and seeded into a 96
well plate at low density. Cell proliferation and morphology was monitored by observation
with light microscope. Proliferation was markedly impaired in the stable HEK.CCR5 EYFP
D i,k DXFECFP and cells noticeably clumped together. A result of which was the inability to
form a consistent adherent monolayer. When cells reached approximately 80% acm#lue
they were scaled up into a 24 well dish. Wells with slow proliferating and non adherent cell
lines were discarded. Once cells reached approximately 80% confluence they were seeded
onto coverslips and expression was observed by fluorescent microsceysrabcell lines
expressed very low amounts of recombinant protein and were discarded. Eight dual
expression cell lines expressed both constructs with relative constancy across the cell

population and were scaled up for further characterisation.
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3.2.5 Characterisation of Dual Fluorescence HEK.CCR5

Scaled up stable HEK.CCR5 ®BYKM® h-ECFPwere assigned identification initials.
Measurement ofLogEG, values by dose response calcium flux measurements indicated

that signalling had been perturbed in soroell lines, these cell lines were discarded. Cell
fAySa oX pXI .MI .HI FYR /I'm 6SNB y2GEGFRIYATAC
and EYFRBD i; (Table3.2). However, cell line 3 was discarded due to observed unusual
morphology. Cell lines 5 dnC1 were discarded due to a significant decrease in CCL3
efficacy. Cell lines B1 and B2 displayed signalling responses and proliferation rates closest

to that of the parental cell line and therefore were selected for FRET experiments.
However, there was &ubstantial loss in the adherence of these cells to cell culture

surfaces, consequently making the culture of these stable cell lines difficult.

The Fate of HEK.CCR5 EPBPD h,-ECEP SuBlones

Cell line LogEG, [M] n Notes
Parental -7.746 3
2 -5.979 2 Discarded
3 -8.034 2 Unusual Morphology
4 N/A 0 Discardedslowproliferation
5 -7.876 2 Low efficacy
A5 -6.810 3 Discarded
B1 -7.140 3 Further studies
B2 -7.863 3 Further studies
C1 -7.489 2 Low efficacy

Table 3.2 Log Egq values forHEK.CCR5.Y/é2lected stable cell linesLog Eg, values were determined by
plotting dose response curves using CCL3 as the lighrnias not possible to get an n=3 result for all created

stable cell lines due to difficulties with cell culture.
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Stable ell line B2, here on in referred to as HEK.CC5.Y/C, was selected for further studies
over cell line B1 as it was found to adhere with greater resolve to microscopy coverslips
during washing, albeit with greatly reduced adherence compared to parentaineslllog

EGo values for HEK.CC5 Y/C closely resembled those of the parental cell lines, however
there was a difference in maximal response when stimulated with CEib8ré 3.4A).
HEK.CCR5.Y/C on average sigtat 77.68%(+10.26%, n3)f the parental maximal
response following treatment with 1 uM CCL3, suggesting expression of both constructs
together interferes with CCR5 reguldtecalcium release. Analysis byi 8zR S yiéstQa (i

showed there to be no significant difference for any of the plotted points.

80



110~
1004 © Control o

90+ v l4EkLCX:R5‘YK:

80~
704
60
50-
40
30~
20
104

NormalisedDF340DF380

-11 10 -9 -8 -7 -6 -5
CCL3 log [M]
B 110

| Control
CJ HEK.CCR5 Y/C

1057

——

100+

Normalised Fluorescence

95= T T T
EYFP ECFP FRET

Channel
Figure 3.4. Characterisation of HEK.CCR5.Y(8). Dose response curve offEK.CCR5.Y/énd HEK.CCR5
(control). Log Egy values; Control7.746 M, HEK.CCR5.Y/€7.863 M. Curves are the result of three
independent experiments. No significant difference was observed between poif. Relative fluorescence
levels of HEK.CCR5.Y/C. EYHR#orescenceis measured at 530 nm &r excitation at 510 nm. ECFP
fluorescerce ismeasured at 485 nm following excitation at 410 nm. FRET is the emission at 530 nm following

excitation at 410 nm
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Fluorescence was measured for three channels to confirm and quantify expression of
fluorescent protein in transfected cell lineky HEK Y/C cells there is a trend towards
increased FRET coupling as well as enddiieCFP and EYFP fluorescefrigufe 3.4B).
HEKY/C exhibited a 4.7%2.63%, n=3)ncrease in FRET emission. Cells also fluoresced at a
0.91% (+1.33%, n=3)and 1.59%(+1.81%, n=3)greater intensity for ECFP and EYFP.
However, variancen expression levels over time lead to inconsistent results and difficulty
with reproducibility. Data show a trend that constructs are being expressed in HEK cells and
forming donoracceptor omplexes in conjunction with typical-@otein heterotrimers.
Fluorescence images of HEK Y/C further confirmed the likelihood of formation of donor
acceptor complexes, showing €02 O f A & I JEEEPYand2E¥BR;Dalt the plasma

membrane Figure3.5).

Microscopy of HEK.CCRS5.Y/C was difficult due to issues with adherence. Cells grown on
coverslips would come loose, even with gentle washing in PBS. Fluorescent images show
expression of fluorescent constructs and an altered morphology to that of cellengroa

cell culture flask

Due to difficulties in imaging and culture of HEK.CCR5.Y/C studies with this cell line were
not pursued beyond preliminary measurements of resting FRET levels. Instead a new series
of stable double fluorescent cell lines wereeated in CHO cells stably expressing CCR5.

CHO.CCRS5 had been previously created for other st(idieslleret al., 2002a)
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Figure8.5 Fluorescent microscopy images of HEK.CCR5.Y/C. (A) Immunofluorescence of CCR5 expression in
HEK.CCR5.Y/C. Cells were labelled with the anti CCR5 1gG HEK/1/85a/7a and stained with TRITC conjugated
anti rat IgG. Images show functional CCRS5 is adequately expressead@tatalised atthe plasma membrane.

0.0 {0} o6fS SHEHCRSAravsdndicate Tagg&ipbotein is expressed ando-localisedat the

plasma membrane. (C) Stable expression of EWBP Good examples of plasma membrane localisation are
indicated with arrows. (D) Overlay, image clearly shows CCR5 and tagg@eot€ins celocalise at the plasma

membrane.
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3.3.1 Creation of Plasmids for Stable Expression in CHO.CCR5

CHO cells, like HEK celise well characterised cell lines used commonly in the expression
of recombinant proteins and the pharmacological study gbrGtein signalling. Similarly,
they also have the advantage of being cells that transfect readily, express relatively high
yieldsof the transfected protein and have simple cell culture requiremefsisseet al.,,

1996) In addition, theyare renowned for their resilience in vitro cell culture(Pucket al,,

1958) Although origin of the cells is not humasyfficientstudies have shown expression

of recombinanthumanprotein in CHO does not affeptotein folding orpost translational
modifications. As suGlCHO.CRS5 provides a perfect model for proof of concept and can be

considered analogous to a human derived cell line.

CCR5 expression is maintained in CHO.CCRS5 by the expression of a G418 resistance gene
therefore ruling out the use of the already create@4B resistance gene containing,

LIO5 b ! opE@FPRdNstruct used previously. Additional plasmid constructs were created
for expression of fluorescently taggedp®teins in CHO.CCR5 cells and to allow the
selection of stable cell linegusion protein enstructs made for expression in HEK.CCR5
were removed from their vectors by restriction endonuclease digestion. -BEYFRas

excised with HindIIHEK.CCR5.Y/C, purified by agarose gel electrophoresis and ligated into
LI.S 2  {,#EEFP washexcised with Bdnaldd ligated into pcDNAG6/VAis Figure3.6).
Restriction digests were carried out to ensure the correct orientation of constructs into

new vectors [figure3.7).
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Both constructs are approximately 1.7 kb in length. Correct orientation of -BYf#Ras

determined with Hindlll and EcoRI digestion, yielding a 700 base pair EYFP fragment and a
M | @fra@ment Figure3.7)./ 2 NNB Ol 2 NK,Wasdétaimiired/ Pst digestioh,
which yields two fragments of approximately 700 bp and 800 bp correspgnidiBECFP and
Ly O2 NNB Ojiis dhafactBrivdd by2tge 2 F Dh

LJ- NI p,2eBpediively Figure3.8 B0 ®

appearance of a 300 base pair fragm@rigure3.8 A)

pZeo:EYFP-GB,

8.3Kb

pcDNAG V5-HIS:Gay,-ECFP

9.9Kb

Zeoc,'n

Blasricid,-,,

Figure3.6 Schematic representations of the plasmids produced and transfectedtiteate stable CHO.CCR5
expressing@INR2 G SAyad GF3IISR 6AGK FEd2NBaOSyld LINRPOGSApSED® 6! 0 9
FLILINRBEAYIFGSt& mmnn oL AYy fSy3adKo | 26 Sa0NMMMmivesfisa ®NIIA 2y 2

two coding regions of approximately 300 bp and 700 bp. pcDNAGHIS allows selection in mammalian cells
daAAy3 o6fl aGAOARAY | yR aStS00GA2y Ay o6l OGSNRAI dzaAy3a I YLK
is approximately D00 bp in length. The zeocin resistance gene in pZeo SV2 allows selection in bacterial and

mammalian cells using zeocin.
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1kb——>
0.75 kb——>

Figures.7. Analytical digestsof pZeo SVEYFMD i;. (M) 1 kb Marker. (1) Hindlll digest, showing excised
construct of apINBE EA Y i Sf & mMdT 106 NHzyyAy3d 6Sft26 GKS H@106 YIFEN]S

lAYR LLL FyR 902 wL,aRMAEIRPaAGE aK2gAy3I SEOAEASR DI

A B

lkb——> 1kb——>

0.75 kb——>

0.5kb ——>
0.25 kb——>|

Figure3.8. Analytical digests opcDNA6/V5HisY D,LECFP (A) Incorrect construct insertion. (M) 1 kb Marker.
(1) Pstl digest, giving rise to@® bp and 300 bp fragments. (B) Correct construceirt®n (M) 1 kb marker. (1)
BanHl, showing excised construct just below the kb marker. (2) Pdtdigest showilg excised ECFP at

approximatelyznn 6 LJ Iy R |y SEQatafplxinhtslysBogy i 2F Db
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3.3.2. Selection of Stable Single Expression Cell Lines

Following transfection with either pcDNAGAISA & YEQFP or pZeo SV2:E¥RPcells

were cultured toapproximately 80% confluency. Cells were harvested and seeded into a 96
well plate at very low density and cultured in relevant selection media. Once stable cell
lines reached 80% confluency relative expression of fluorescent construct was quantified
usinga plate reader. Cells with higher fluorescence readouts were harvested and seeded
into 24 well plates, noroliferating or slow proliferating cell lines were discarded. In total
23 ECFP clones were initially scaled up. Stable cell lines were examimegbriegsion by
fluorescent microscopy. Only one CHO.CORSECFP clone was found to have uniform
expression, this cell line underwent subcloning to produce a stable cell line with good
expression and proliferation rateg-igure 3.9A). This cell line wagsed for all further
studies. For creation of CHO.CCR5 EYI-FPhe same process was followed. In total, 17
EYFP clones were scaled up, all of which displayed normal morphology and proliferation
rates. Several of these clones were found to have relatihgh expression rates and

uniform expression, one clone was selected for further stiigure3.9B).
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Figure 3.9 Fluorescent microscope imagesf single stable transfectant§A) CHO.CCR5 stably expressing
pcDNAG/VEHisG ,-ECFPthere isOf ST NJ € 20F f Aal GA2y G 2 ,-HCR™S Hidlflevels ¥l Y SYo N
D h,-ECFP can also be seen located in discrete punctations within the @IICHO.CCRS5 stably expressing
pZedSV2EYFMD ;. 9 , Ct,isDdund at theplasma membrane as well as in pumations within the cell

These images are representative of typical cell population expressiopa®NA6/V5HisY D,)ECFP opZeo

SV2EYFM J; used throughout the project.
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3.3.3 Characterisation of CHO.CCR5 Stable Single Transfectants
Characterisation fsingle expression stable cell lines was performed by comparing the
intracellular release of calcium following CCRS activation with CQbattof the parental

cell line. Both stable cells lines responded normally to CCL3 activAtigikG, values of

ad h o/ /| wikCFB and CHO.CCR5 ®YiFRlosely matchedthe Log EG, value of
CHO.CCR&f -7.146 M(+0.1577 M, n=3)being-6.950 M (+0.139 M, n=3pnd -7.247 M
(£0.1557 M, n=3)respectively Efficacy of CCL3 was not affected pression of either

constuct (Figure3.10).
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Figure 3.10 Dose response curves for CHO.CGitfgle transfectants(A) CHO.G& EYF® J; shows no
decrease in efficacy ropotency for CCL3 following transfection and selectidrog EGo CHOCCR57.146 M,
CHOCCREYFRG ; -7.247 M. (B) CHOCCR®D h,-ECFRshows no decrease in efficacy or potency for CCL3
following transfection and selection. Log E{0CHO.CCR&.146 M, CHOCCR5 EYHPI; -6.950 M Plotted
points were normalised to CHO.CCR5 calcium flux following 1 gtidhulation with CCL3. &h plotted point

represents three individual experiments.
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3.3.4 Creation and Characterisation of CHO.CCR5 Stably expressing

pcDNAG/VS5 -( E O ¢-EQGFP/pZeo SV2:EYFP 1

/1 ho/ | wECFPDwas selected for transfection with pZe@:BYF® i; following
characterisation. Creation of the single expression ECFP cell line had required the creation
2F aASOSNIt &adzoOf2ySa Ay 2NRSNI (,ECRPywihdaNB dzy A
influencing cell morphology, it was therefore reasdnthat similar problems could be
encountered if transfection of pcDNAG6/AY5A a,,YEQFP into a stable CHO.CCR5-BYFP

cell line was attempted. Following transfection, cells were cultured in selection media
containing blasticidin andeocin (Invitrogen) and upon reaching 80% confluence were
harvested and seeded into a 96 well plate at very low density. Cells with favourable
proliferation characteristics were sub cloned by harvesting and seeding into a new 96 well
plate. On reaching 80% confluency cells avecanned for fluorescence of both ECFP and

EYFP in a plate reader, one subclone was selected for further studies.

The concomitant stable expression of pcDNA6IVA a YEQFP and pZeo SV2:EDRP

had no significant effectCCL3 potency at CCRSog EG, values for CHO.CCRand
CHO.CCR&/ Cwere closely matched a6.948 M(+0.123 M, n=3and -6.871 M(+0.1853

M, n=3) respectively However, CCL3 efficagyas affected by concomitant expression.

Maximal CHO.CCRb5.Yf€sponse to CCL3 being onl§.03 % (+ 7.12%, n=3bhat of the

parental Figure3.11A). This suggests that expression is interfering with signalling via the

I/ wp NBOSLIi2NX® !ylfteara oe& aiddzRSydQavyid GSai
concentration, although nears significanae 1 uM CCL3 (p=0.07963). Interestingly these

data are very similar to those gained from HEK.CCR5.Y/C.
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Fluorescence was measured for three channels to confirm and quantify expression of
fluorescent protein in transfected cell lines. In CHO.CCR5.Y/Gheeélsis significant FRET
coupling (p=0.01674) as well as enheehicEYFP and ECFP fluoresceifigufe 3.11B).
CHO.CCRS5.Y/C exhibited a 2.6806345%, n=3)ncrease in FRET emission. EYFP and ECFP
emission increased by 5.79%3.42%, n=3and 3.86 %{+2.634%, n=3)respectively. Data
show a trend that constructs are being expressed in CHO.CCRS5.Y/C and forming donor
acceptor complexes akin to typical-gBotein heterotrimers. Fluorescence images of
CHO.CCRS5.Y/C further confirmed the likelihood of formatfatoaor acceptor complexes,
showing ce 2 O f A a | FAECRPY and?2 B¥BPDto the plasma membrane F{gure
3.12)CHO.CCR5 YI/C, like HEK.CCR5, had a reduced propensity to adhere to cell culture
surfaces, however, comparativelyhey adhered with greateresilience. Proliferation rates

for CHO.CCR5 Y/C weatso slowerto that of the parental cell linebut displayed
comparable morphology to CHO.CCRZ&pression of both constructs was onih and of a

reasonable levelHigure3.12).
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Figure3.11 Characterisation of CHO.CCRS5 Y/C (A) Dose response curve of CHO.CCRS5 Y/C and CHO.CCRS5,

gl £ dz§a 6SNB y2N¥YIfAaSR1UMECLS ktimdiationwgE gowatuasnGontrplosM, |
CHO.CCR5 Y/6.871 M. Curves are the result of three indepaent experiments. No significant difference

was observed between any CHO.CCR5 and CHO.CCRS5 Y/C points. (B) Relative fluorescence levels of CHO.CCR5
Y/C. EYFP fluorescence is measured at 530 nm after excitation at 510 nm. ECFP fluorescence is measured at

485 nm following excitation at 410 nm. FRET is the emission at 530 nm following excitation at 410 nm. FRET
measurements were significantly higher in CHO.CCRS5 Y/C than in CHO.CCR5 (p=0.01674, n3), EYFP and ECFP

readings were higher but did not reach signiiace.
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Figure3.12 Fluorescent microscopy images 6HOCCRS Y/C. (A) Immunofluorescence of CCR5 expression in
CHOCCRS5 Y2 Cells were labelled with the anti CCR5 I@B(J1/85a/7a and stained with TRITC conjugated

anti rat 19G.Functional CCR5 is adequately expressed and targeted to the plasma membrane. (B) Stable
S E LINB & a A 2BCFP2 Arrowd 'indicate tagged-pBotein is expressed and targeted to the plasma
membrane. (C) Stable expression of EXFR. (D) Overlay, CCR5 and @&y Gproteins colocalise at the

plasma membrangarrows indicate regions where there is substantial docalisation.
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3.4 Discussion

The aim®f this chaptes SNBE G KNBESTF2f RT (G2 ONBF (0Sy,dnd adl o6t S

D i; fused to either EYFP or ECFP forming a FRET donor acceptor pair, to characterise
effects the expression of these fusionp@teins may have on signalling through isolated
CCRS5, and to measure interaction of fusiopr@eins by FRET in a population okliv
mammalian cells. The development of a robust stable expression cell line may have
applications in high throughput screening of compounds, allowing the measurement of
heterotrimer activation and kinetics following stimulation with different agonists. ©the
potential advantages of developing a stable cell line to measdpeo@in interactiors are
decreased throughput timegells would not have to be cultured through two transient
transfections, a stable cell line could be continually cultured insteadei®gving the need

for repeated transient transfections, reproducibility in experimental outcome will be
improved. Stable cell lines have a defined expression of constructs, whereas expression in

transient transfected cedlcan vary.

The measurement of @rotein interactions and their receptor mediated activation with

FRET habeen demonstrated in living cells previous to this study. Measurements-of G
protein interaction and activation were first shown iDictyostelium discoideum
(Janetopouloset al, 2001) Although proving the concept that the measurement of G
protein activation with FRET was possible in this simple eukaryotic system, limitations to
the use of this model include ¢éhpotential absence or reduced number of isoforms of some
Gproteins as well as potential differences in the cellular role or binding partners of
Dictyosteliumand mammalian roteins (Williamset al., 2006) More recently G-protein
AYGSNI OGA2ya YR OUAGFHGAZ2Y (1 AYySGAOa 6 SNB

adrenergic eceptor. The study used transiently transfected cells and took FRET
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measurements from single cells using live confocal microscopy and complex image
processing softwaréBunemanret al., 2003) The creation of a stable cell line and an assay
procedure that can be performed in a plate reader could simplify and streamline the
measuremen of protein-protein interactions, allowing FRET to become a routine method

for the discovery of proteknprotein interactions.

Native CCRBxpressingells, predominantlyl’ cells macrophagesanddendritic cells also
express other members of the cheniok receptor family and which exhibit overlapping
ligand specificity. It was therefore necessary to use transfected cells that do not exhibit
overlapping ligand specificity. HEK and CHO cells stably transfected with CCR5 di¢oe use
create an analogous stemin this study for several reasons. Native HEK and CHO cells do
not express chemokine family receptors, so the stable introduction of CCRS5 into the cells
allows for isolation of the receptor and it signalling pathways. The isolation of a single
receptar of interest ensures no unintended activation of downstream signalling through
other chemokine receptors. The transfection, cell culture and creation of stable cell lines in

HEK or CHO is also comparatively easier than in native CCR5 expressing cells.

Although transient transfection has the advantage of allowing quick expression and analysis
of products, one of its major drawbacks is ensuring reproducibility of results. Selection of a
stable transfectant ensures defined gene expression, thus promotingateyr
reproducibility of results. Current methods of measuring protein interactions by FRET
employ timely and expensive procedures which typically focus on isolating a single cell
from a transiently transfected population, and measuring FRET with a comho@@scope

equipped with complex and expensive imaging seftd hardware(Hein et al., 2005)
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While this has yielded some interesting results regarding the dynamics and interaction of
G-protein heterotrimers, results may be misleading due to the variable levels of expression

of fusion protein. High expression levels have rbeshown to increase the likelihood of

forced spurious interactions occurrir{tylassotte, 2003) Measurements from a single cell

opposed to a cell populatiomay also give rise tmisleading results, a single cell may be

dzy RSNH2AYy3 dzyAljdzS adNBaaSa ¢oKSy Al Aa YSI adz
cell population A stable cell line may circumnavigate these problems. Howewas,

drawback of creating stable cell lineghg extensive time required culturing, isolating, and

characterising clones before any experimental methods can be carried out.

Adequate expression of recombinant protein in stable cell lines relies on several factors.
For expression to occur cDNA seqoes must reach the nucleus following transfection, for
creation of stable cell lines the cDNA sequence must be integrated into the hosts
chromosomal DNA. To ensure the constitutive expression of constructs, constructs were
located downstream of either a CMimmediate early promoter/enhancer or SV40 early
enhancer promoter regions. The mechanisms of plasmid integration into a mammalian
K2aiQa OKNRY2a2YS IINB adAatt y2G Sttt dzy RSNE(
the hosts DNA following a typicdiagmid DNA transfectiofHayata, 2002)The position at
which transfected cDNA integrates into the genome can have an effect on transcription
levels. Integration into inactive heterochromatin results in little or no construct expression,
whereas integration into active euchromatin will resimttranscription(\Wurm, 2004) The
creation of single fusion protein stable cell lines was relatively straightforward. However,
proliferation rates for the selected stable cdihes decreased in both CHO.CCR5 and

HEK.CCR5 transfectants for all combinations of transfections. For all created cell lines,

SEOSLIi [/ | JEOFP] exressidh of the constructs was evident in a majority of sub
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clones. It is a possibility that y i S 3 NJ { A 2-§¥CFR Was préddninanilyhlocated in
heterochromatins, resulting in lower transcription of the construct. Another factor that
may have altered the expression of the fusion construct is methylation of the integrated
cDNA. Methylation bchromosomalDNA prevents its transcriptiofiYoderet al, 1997)
Chromosomal and transfected DNA methylation has been widely reported and
acknowledged to play a role in regulation of gene expres@Bird et al., 1999) but the
mechanisms by which methylation is targeted is not clearly understood. It is also a
possibility that the D h-ECFPtransgene introduced into CHO.CCR5 wasthylated

following integrationJeading to lower transcription levels.

Stable transfection and expression of either EDRFP2 NJ,-BGFP had no noticeable effect
upon cell morphology, demonstrating that the introduction of single heterotrimeric G
protein subunits fused to a fluoresceprotein is not toxic to the cells. Fluorescent images
show that fusion proteins are located in the cytoplasm and at the plasma membrane, which
suggest that the introduction of EYFP or ECFP does not induce protefaldmg and
aggregation. However, & doubling time of single transfecant stable cell lines was
markedly increased. The observed decrease in proliferation may be explained by the extra
stresses the cells are under following transfection. The forced expression or over
expression of transfectk constructs artificially removes energy from the cell ecosystem
that would have otherwise been used for cell growrCC, 2007Yhe result of this is the

stable cell line has a slower than normal growth rate.

The addition of a large fluorophersuch as ECFP or EYFP, which are approximately 30 kDa,

to a heterotrimeric Grotein could prevent normal interactions of the-R3otein
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heterotrimer unit with the CCRS5 cytosolic tail and/or between the sub units of the
heterotrimer by steric hindranceC@®5 activation is well characterised and has been shown
to result in lowering of cCAMP levels and the release of intracellular cal@iumeller et al,,
2002b) Measurement of calcium release following stimulation with CCL3 did not show any
SOARSYyOS 2 T pabhivage heihgperturbedl tby the stable expression ok o
fluorescently labelled @rotein. Maximal response values were almost identical to stable
cell lines as in the parental cell lines. In HEK.CCR5 single stable sélbtjii€s, values
were close to that of the parental value 67.451 M, being-7.452 MA Yy -BOFP
containing clones ang7.554 M in EYFBi, Of 2y Sa® Ly /1 ho// wp &Ay3f
signalling through CCR5 was also unaffected, maximal responses were similarg&ie)
values were not significantly different from the parental vabie7.146 M, being6.950 M

AY |1 h ®fECHPpandD247 M in CHO.CCR5 EXFR This demonstrates that the
introduction of a single @rotein fusion protein does not interfere with signalling through

CCRS.

The creation of stable HEK.CCR5.Y/C encoenhtearious setbacks, following selection of

stable cell lines proliferation rates had reduced substantially. Typical parental HEK.CCR5
would reach 80% confluence in approximately 3 days, whereas in HEK.CCR5.Y/C cells it
would take approximately +48 days Selection stresses were not very well tolerated in
HEK.CCR5 cells, this manifested in morphological changes and cells becoming detached
from cell culture surfaces with very gentle agitation. Regardless of these difficulties, the
expression of constructwas measured by fluorescence, CCR5 signalling characterised, and
FRET interactions were detected in stable cell lines. HEK.CCR5.Y/C expressed higher
fluorescence in all measured channels than HEK.CCR5 and FRET was measured to be 4.72%

(p=0.2139, n3nigher than wild type confirming interaction of EYAPI, | Y R ,-BBOFP
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with one another. The introduction of a second fluorescently labellqatdEein interfered

with CCL3 stimulated signalling through CCR5. There was an overall trend for reduced
calcium release following CCL3 stimulation in HEK.CCR5.Y/C. This was mostagviden
higher CCL3 concentrations with HEK.CCR5.Y/C only responding at 77% (p=0.1902, n3) of
parental values following treatment with 1uM CCL3 and 70% (p=0.2230 , n3) following
treatment with 300 nM CCL3. However, these differences were not significant when
assessed by students two tailedetst. TheLogEGg, value was not significantly altered in
HEK.CCR Y/C compared to parental being recordeti@&3 M and-7.746 M, respectively.
These results indicate CCRS5 signalling is moderately but not significhlatigdain stable

cell lines and that the constructs orientate to permit FRET. However, the introduction and
expression of two new antibiotic resistance genes as well as two fusion proteins put
extreme stress upon the cells. The difficulties associated witturing and performing

experiments with these cells made them unsuitable for further experimentation.

Different plasmids were selected for the creation of a stable CHO.CCR5.Y/C cell line, due to
CHO.CCRS5 using a blasticidin resistance gene to seldCCR5 expression. CHO.CCR5.Y/C

also proliferated at a slower rate than the parental cell line taking approximateli412

days to reach 80% confluence, slightly quicker than HEK.CCR5.Y/C. The CHO.CCR5.Y/C cell
line was more resilient to the stresses enatered during selection, and although
proliferation was slow, adherence to the cell culture surfaces was not significantly
diminished, nor was typical morphology noticeably disrupted. BEYAPY R ;,-EBCFP

localised in the cytosol and at the plasma memleramd gave rise to a small but significant

FRET reading in resting cells 2.63% above parental (p=0.0167, n3) which demonstrates the
stable interaction of tagged subunits in the cell. CHO.CCR5.Y/C also had higher fluorescence

emission readings for EYFP,®B4 above parental (p=0.1968, n3), and ECFP, 3.86% above
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parental (p=0.06217, n3). Although these values seem small they correspond well to values
published for the FRET interactions between GPCR gnrdtéins(Heinet al, 2005; Lohse

et al, 2008) There was, as with HEK.CCR5.Y/C, an overall trend for reduced calcium release
in stable CHO.CCRS5.Y/C following CCL3 stimulationvdimost evident at higher CCL3
concentrations with HEK.CCR5.Y/C only responding at 70% (p=0.1515, n3) of parental
values following treatment with UM CCL3. ThieogEg, value was not significantly altered

in CHO.CCR5.Y/C compared to parental being dedolas-6.948 M and-6.871 M,

respectively.

These results provide evidence that although fluorescent proteins are bulky, fusion to G
proteins still allows for formation of the-@rotein heterotrimer and their close proximity to

one each other and the GRCHowever, there was a noticeable trend for a decrease in
functionality when measuring calcium release following CCL3 stimulation. Bunesmnann
O2fttSI3dzSa Ke LR, héefokriher family thtefigo sububit rdarfrangement

rather than dissociatioiiBunemanret al., 2003) | speculate that the addition of ECFP and
EYFPmay &O00 (KS KSOSNRONARYSNE FoAftAdGe G2 o0AYyR
1y26y (G2 O0OAYR YR FOUGA@GIGS AGAQ Gl NBSGA o8& o
0KS bt @audsalzgl A2005) increasing steric hindrance at on a heterotrimer that
LROGSYGALEff&8 R2SayQl RA&Aa20AF0S YKE LINE Gr8 gzl A G
with its downstream targets, thus resulting in a decrease in calcium released following
stimulation. It should be stressed that the measurement of calcium release acts as an

indirect method of measuring @rotein activation, only providing infmation about

downstream effects.
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The creation and characterisation of CHO.CCRS5.Y/C in this study demonstrates a system
capable of measuring -rotein heterotrimer interactions in resting cell populations and
represents a system with the potential to @msure Gprotein dynamics in live cell

LR Lz F GA2y&ad | ATK K2Y2fz23& @ Hdmiyinaking8&@sSSy
possibility that the measurement of interactions between different constellations of

heterotrimer is a reality.
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Chapter Four
Monitor ing Heterotrimer Activation
by CCR5 with FRET

4.1 Introduction

Fluorescentresonance energy transfer (FRET) is a phenomenon where energy is passed
from a donor chromophore that is in close proximity to an acceptor chromophore in a
nonradiative manner. The donor/acceptor pair must exhibit overlapping spectral
properties, that isto say the emission wavelength of the donor must overlap with the
absorbance properties of the acceptor for energy transfer to occur. The most commonly
used donofacceptor pair used in biological systems is ECFP and EYFP. Both ECFP and EYFP
are mutant varants of GFP. Mutations were made in a region of the protein that forms an
imidazolidinone ring, resulting in skewed absorption and emission wavelengths of GFP
(Kretsinger, 2005) The absorption wavelength of EYERerlaps with the emission

wavelength of ECFP allowing FRET to q€ayiczynski, 2005)

It is important to note that theefficiency of FRET energy transfer is inversely proportional
to the sixth power of the distanckeetween donor and acceptor fluorophoréStryeret al.,

1967) This means the ability to transfer energy rapidly decreases over distance. The
effective range for FRET to occur over i60bm dependent orexperimentalconditions

(dos Remediost al., 1995) Interestingly, this distance is within the extent of conventional
protein dimensions and similar tthose of multimeric protein complexes observed in
biological system&Shenget al., 2007) Therefore donor acceptor fluorophores will undergo

FRET if tagged to proteins that closely interact.
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G-protein heterotrimers have been shown to precouple to relevant receptors in a targeted

manner, andare known to closely iteract with each other in their inactive staf®lobleset

al., 2005) In this inactive state the heterotrimés formed ofDh & dzo dzy'té GDP) 2 dzy R
342 OAl G4SR ( Zhe tldéSasddéiation & tha e teddtrimer prevents the active

FIL O0Sa 2F GKS Dh |yR Di! &adzodzyAda FNRY AydSNI
of a ligand to CCR5 results in a conformational change in the receggtalting in the

movement of the membrane spanning helices and intracellular loops that are connected to

the precoupled heterotrimeric @roteins. This shift in the receptors shape allows
LINEOA2dzat & YIFI&A1SR NBIA2ya 27T yrdsS$he Rleasedotizo dzy A G
GDP for exchange with GParrenset al, 19960 ¢ KS O0AYRAYy3 2F D¢t (z
results in the destabilisation of the heterotrimer allowing their interaction with
downstream effectors. There is some uncemtgi as to whether the heterotrimer

undergoes full dissociation or a large structural rearrangement that allows the active faces

of the subunits to become exposed. Currently both ideas are being courted by different

3 NP dzLJa ¢ subuKitBas Befen shownat fully dissociatéDigbyet al., 2006)and remain

02dzy R G2 { KBundanret ai, @D3nging(FRET to measure interactions.

This chapter does not aim to address the contentious issue of heterotrimer dissociation
versusstructural rearrangement, but rathedevelop a Igh throughputFRETassay as a
method to scan the ligand -@rotein specificity conferred on a GPCR by the ligand it
interacts with. Successful development of such an assay may expedite the understanding of
GPCR G-protein signalling specificity. As suehheterotrimeric Gprotein complex that has

been shown to interact with CCR5 and can be activated by CCL3 was chosen to provide

proof of concept for this assay system.
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4.2 Results

Following the creation and characterisation of CHO.CCRS5.Y/C, an assivelaped with

GKS TAY 2F YSIFadaNAy3d GKS [/ /[ o &y RMBAughi SR | Oi
CCR5A problem common to plate reader based FRET assay is interference with readings
from high cellular autofluorescence. Early in assay development CHO.CCR5 were identified
as highly autofluorescent cells. High autofluorescence masks signals from transfected
fusion proteins, thus increasing the noise to signal ratio. Cellular autofluorescence was
particularly noticed through ECFP (ex 435 nm, em 485nm) and FR&E35(am, em 530)
channels when measured in the plate reader. Therefore cells were diluted inasever
different buffers, CAF, PBS, Hanks balanced salt solution (HBSSHE®RHS and
autofluorescence was measured through ECFP and FRET channels for CHO.CCRS5 in order to
assess the effect of buffers had on autofluorescence. Cells were diluted to 2 khd

results were normalised to readings from CHO.CCRS5 diluted in CAF for each experiment.
There was little difference in readings and PBS was found to perform satisfactorily. As such

cells were resuspended in PBS for all experiméerable4.1).

Buffer EGP% EYFP% N
CAF pH7.4 100 (+0) 100 (+0) 4
PBS pH7.4 98.62 (+1.34) 99.95 (+0.84) 4
HBSS pH7.4 101.79 (¥2.71) 101.68 (+2.23) 4
HEPE$H?7.4 101.23 (+1.79) 101.78 (+3.78) 4

Table4.1. The effect of varied buffer composition on measured autofluorescefeeCHO.CCR5. All readings

were normalised to readings for CHO.CCRS5 diluted in CAF at a concentration of° 10
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4.2.1 Sodium Butyrate Treatment of CHO.CCR5.Y/C

The relatively high autofluorescence resulted in substantial noise in FRET trataly

there was concern that the levels of donor and acceptor expression in CHO.CCR5.Y/C would
be too low for the measurement of subtle changes in cell fluorescence in an entire cell
population. In an attempt to increase signal to noise ratios, CHO.CCR5ef&Ctwated

with 5 mM sodium butyrateNaBy, a histone deacetylase inhibit¢€Candidoet al., 1978)

for 24 hours to increase levels of transcription in CHO.CCR5.Y/C, therefore imgreas

expression of rotein fusion proteins.

Three excitation channels were measured, ECFP (ex 430 nm, em 485 nm), EYFP (ex 510 nm,
em 530 nm), and FRET (ex 430 nm, em 530 nm), and normalised to fluorescence readings
from untreated CHO.CCRS. IncubatidrCé#1O.CCR5 with 5 mN&aBufor 24 hours resulted

in no significant change in ECFP (101.15%, +4.82%, n=8) or EYFP (100.13%, +5.81%, n==8)
emissions, however FRET emission was significantly decreased (93.39%, +7.37%, n=8,

p=0.0389) Figure4.1, Table4.2).

Untreated CHO.CCRS5.Y/C consistently exhibited significantly higher levels of fluorescence
for ECFP (103.73%, +3.82%, n=8, p=0.0282), EYFP (105.09%, +4.77%, n=8, p=0.0194) and
higher levels of FRET emission (103.22%, +3.89, n=8 p=0.0517) than untreat€CR5O.
corresponding well to previous results gathered during creation of CHO.CCR$aBi(C.
treatment of CHO.CCR5.Y/C did not lead to any increase in average fluorescence, but did

increase the variability of fluorescence readinggre4.1, Table4.2).
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Figure4.1. Fluorescence measurement for cell populations following 24 hr 5 mM sodium butyrate treatment

CHO.CCRSaBu EYFP ECFP FRET
Mean 100.1323 101.1549 93.39244
SEM +2.054 +1.706 +2.606
P Value P>0.05 P>0.05 P=0.0389
CHO.CCR5.Y/C EYFP ECFP FRET
Mean 105.0952 103.7311 103.222
SEM +1.688 +1.353 +1.376
P Value P=0.0194 P=0.0282 P>0.05
CHO.CCR.Y/NaBu EYFP ECFP FRET
Mean 104.0036 104.1082 102.3467
SEM +4.762 +4.207 +3.353
P Value P>0.05 P>0.05 P>0.05
n 8 8 8

Table4.2. Fluorescence values for CHO.CCR5 and CHO.CCR5.Y/C witiNaBoeatment, all values were

normalised to untreated CHO.CCRS fluorescence measurements for each repeat.
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4.2.2 Fluorescent Emission in Following CCL3 Stimulation

The conformational changef the Gprotein heterotrimer can be measured directly by
measuring the ratio of emissions at 485 nm and 530 nm when excited at 430 nm. A larger
3K L) 6SGeSSy GUKS Dh FyR Di!' dzyAlG ¢2dzAZ R NBadz i
increase at 485 nm.llkorescence levels were measured for a 30 second period prior to
activation, by addition of 500 nM CCL3, in order to calculate a resting base line for samples.
Following activation with CCL3 there was a rapid increase in the ECFP fluorescence in
CHO.CCRBand CHO.CCRS5 of roughly 2.5%ure4.2A). Increases in the control could

partly be the result of cellular disturbance caused by the volume of CCL3 injected into the
well, and changes inautofluorescence as a result of cellular activation. A concornitan
decrease in emissions measured in the FRET channel was also recorded following CCL3

stimulation Figure4.2B).

Measurement of two emission wavelengths is achieved by rapid alternation between
filters, a consequence of which is in an increase in thes thetween points measured.
Emission at one wavelength can be measured every 1.1 seconds, for two discrete emissions
measurements can be taken every 2 seconds. Although this system is not appropriate for
measurement of extremely rapid kinetic interactiorisallows monitoring of dissociation

FYR NBI 842 Ohheterbtmer. 2F GKS DN
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Figure4.2. Emission traces for CHO.CCR5.Y/C. (A) ECFP emission, measured at 485 nm, increased following
stimulation with 500nM CCL3 at 30 seconds. (B) FRET emission measured at 530 nm decreases following
Stimulation with 500nM CCL&t 30 seconds. Thedeaces are aepresentative tracefrom three independent

experiments
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4.2.3 CHO.CCRS5.Y/C Exhibit variation in their FRET Ratio

FRET ratio measurement of the activation and dissociation of theotgin heterotrimers

was very variable between repeats during an asdagufe 4.3), this led to extreme
variation for measured points and therefore large standard deviation. Foitylafl data
points were normalised to the average prestimulation FRET ratio and the curve was
smoothed by plotting the weighted average for each data point and its five neighbouring
values according to the Savitsky and Golay smoothing ffavitzkyet al., 1964) Following
CCL3 stimulation there was ameayall trend for the normalised FRET ratio to be higher in
CHO.CCRS5.Y/C than CHO.CCRS5. However, readings suffered from high noise to signal ratio,
therefore differences between CHO.CCR5.Y/C @H®D.CCRS8eem comparatively small.
Quantification of the chargyin FRET ratio can conveniently be compared by measuring the
area under the curve (AUC) following stimulation that is above that of the baseline. For
compaison the FRET ratio Figure4.3A peaks at 7% above baseline and has a total curve
area of 1.944 nits whereasFigure4.3B peaks at 2.81% above baseline and has a total
curve area to 0.4676 units, approximately a quarter of the value seéiigime4.3A. This
highlights the considerable variation between assay runs and difficulties when measuring

FRETN whole cell populations.
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Figure4.3. FRET ratio varies between repeats in the same sample. Addition of 500 nm CCL3 indicated by
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approximately 60 seconds. (B) FRET ratio for repeat of A measured immediately after. High noise and

variability of FRET ratio masks the dissociation kinetics of the heterotrim&he Figure represents the

maximum variation gen in duplicate runs from one experiment and is a single representative of fourteen

independent experiments.
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The activation oftheDh Dy KSGSNRUONAYSNI 6184 adz0OO0SaaFdz f &
FRET raticistable cell lines. In total, six independent experiments measuring activation of

0KS KSGSNRONAYSN) 08 Cw9¢ @SNBE LISNF2N¥BSRo ! O
iy 200dz2NA NI LIARf&@ FFGSNI //[o IRRAGARZY (2
instNHzY Sy G F A2y RARYyQlG Fff26 F2NJ G4KS YSIFadaNBY
activation. However, results demonstrate that there is substantial dissociation of subunits

within six seconds of CCL3 being added. Following activation, reassociation of the
heterotrimer can be observed by monitoring the decrease in the FRET ratio. Following
dissociation, reassociation of the heterotrimer occurs over the nextd® seconds, which

is comparable with the slow GTPase activity of the alpha subbigure4.4). Following

stimulation with 500 nM CCL3 the FRET ratio for CHO.CCR5.Y/C peaked at 3.66% over
baseline (£3.51%, n=6) and the area under the curve, above baseline, was 2.270. The FRET
ratio for CHO.CCR5 peaks immediately after injection 1.75% (+4.29%, n=Gpsgdine,

which could be an artefact from disturbance caused by the injection of chemokine to the

well. The FRET ratio undulates with an almost consistent frequency, peaking several times

well after stimulation. For comparison the total peak area abloaseline is 0.951.

112



1.057

1.04
1.0 CCL3

1.02+ l
1.01+
1.0
0.999
0.984
0.971

F485 nm/F530 nm

0.967

0.957
— CHO.CCR5

— CHO.CCR5.Y/C

0.944
0.931

0 25 50 75 100 125 150
Time (s)

Figure 45 A 3432 O0A i A2y XKBUGBKBGRAYSNI Oy 6S YSIF&dZNBR dzaAy3a
units. 500 nM CCL3 was added at 30 seconds, the FRET ratio rapidly increases in CHO.CCR5.Y/C, peaking at
3.66% (+£3.51%, n6) morthan resting levels and at most 3.30% higher than post stimulation levels in

CHO.CCRS5. (Peak AUC, CHO.CCRS5 0.951, CHO.CCR5.Y/C 2.270) The substantial increase in FRET ratio indicates

that dissociation has taken place. Data are the results of six independgperiments.
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To ensure observed changes in the FRET ratio were evoked by CCL3 stimulated dissociation
2F ,DYR iadzodzyAdas /|1 ho// wpd, k/ 6SNBE AyOdzl
(PTX) Pertussis toxin catalyses the irreversible AibBsylate y 2 F iy Db
preventing its activation and dissociatiqileeret al, 1984F T2 NJ Hn KNB, (2 LINJ
activation. Upa stimulation with 500 nM CCL3 no overall change in the FRET ratio was
observed in PTX treated CHO.CCR5.Y/C. PTX treated cells peaked 2.42% over base line
(£3.06%, n4), but probably as an artefact of injection. CHO.CCR5.Y/C peaked 4.13%
(£3.03%, n4) overdseline, although this peak was measured 30 seconds after stimulation
(Figure4.5). The most robust indication of PTX abrogation of FRET ratio is the difference
between the peak area under curve over baseline. PTX treated cells had a peak AUC of
0.801, whech is comparable to that of CHO.CCR5, whereas CHO.CCR5.Y/C have an AUC of

2.315.
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Figured5L y I O A @I by teeafmedt WithOO ng/ml pertussis toxin prevents an increase in FRET ratio
following stimulation with 500 nM CCL3 at 30 seconds. CHO.QCRPYX (peak AUC 0.801, peak 2.42%
+3.06%, n=4) CHO.CCR5.Y/C (Peak AUC 2.315, peak 4.13%, £3.03%, n=4) Traces represent data from four

independent experiments
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The addition and incubation dflaBudecreased levels of autofluorescence in CHO.CCRS5,
particularly for measurements on the FRET channel. In an attempt to maximise the signal to
noise ratio cells were treated with 5mM sodium butyrate for 24 hours prior to activation.
FRET ratios were norms#id to their prestimulatory base line. Lower FRET channel
measurements led to higher p&imulation CHO.CCR5 FRET ratios. Normalising the
CHO.CCRS trace to the base line led to a proportional reduction in noise amplification,
allowing differences in FREMtios to be clearly inspected. It did not affect the
CHO.CCR5.Y/C trace, which peaked at 4.37% (+3.99%, n4) higher than base line;
comparatively CHO.CCR5 peaked at 1.75% (+£1.66%, n4) above baseline in the first 120
seconds following stimulation. Peak AUW@s much lower for CHO.CCR5 following
treatment with NaBuat 0.146, CHO.CCR5.Y/C peak AUC was slightly higher to previous
observations at 2.677, due to the increase in the length of the signal. IncubatioMNa&h

prior to measurement lead to a decreage the signal to noise ratio, but affected the

duration of the increase in FRET ratio by approximately 75 secbigis€4.6).

115



1.057
ol ccLs

1.037 l
1.024

1.014
1.00'%
0.991

0.984
0.971

F485 nm/F530 nm

0.967

0.957

0.944
— CHO.CCR5 NaB

—— CHO.CCR5.Y/C NaB
0.92 Y Y T

0 25 50 75 100 125 150 175 200 225 250
Time (s)

0.931

Figure4.6 The effect of 5 mMNaButreatment on FRET ratios in CHO.CCR5.Y/C and CHO.CCRS. There is a
clearer difference between CHO.CCR5 (Peak AUC 0.146, Peak 1.75%, + E66&hdnCHO.CCR5.Y/C (Peak
AUC 2.677, peak 4.37%, + 3.66%#4n following NaBu treatment, duration of the FRET rat signal is

prolonged in CHO.CCR5.Y/C. Traces represent data from four independent experiments.

As an alternative way to confirm changes in FRET ratio were due to the activation of the
fluorescently tagged heterotrimer 10 uM mastoparan, an activator K Bensitive G
proteins (Higashijimaet al., 1988) was added to cells directly before the assay began.
Activation of Gproteins by mastoparan could not be measurhge to technical limitations,

but the FRET ratio was measured in comparison to that of CHO.CCR5 before and after CCL3
stimulation. Accordingly, there was no discernable increase in the normalised FRET ratio of
mastoparan treated CHO.CCR5.Y/C, which peaked at 2.56% (+ 2.66%, n=4) over basal and
had a peak AUC of 1.240 compared to that of CHO.CCRS5, which peaked at 1.56% (+ 2.35%,

n=4)and had a AUC of 1.362 cells following CCL3 addRigarg4.7).
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Figure4.7 Mastoparan activation of the heterotrimer prior to CCL3 addition, led to no change in FRET ratio
following stimulation with CCL3. CHO.CCRS5 (peak AUC 1.362, peak 1.56%, ,#2-8h%HO.CCRS5.Y/C (Peak

AUC 1.240, Peak 2.56%, +2.35%})n Traces represent data from four independent experiments.
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The lack of increase in the FRET ratio suggests thatall G R* 1 KS 3G SN2 i NR YS N&
dissociated before reading took place. Thigdthesis is backed up by measuring FRET
ratios in prestimulated cell populations that have not been normalisEgjufe 4.8).
CHO.CCRS5 cells treated with mastoparan displayed no variation to untreated control cells.
CHO.CCRS5.Y/C cells tended to displayaegimally higher, although not significant, FRET
ratio than control. This is most likely a consequence of donor acceptor pairs not associating
in a 1:1 ratio, therefore leading to an increased emission at 485 nm. Pretreatment of cells
with mastoparan restiéd in an increase in prestimulation FRET ratios of 2.25% (+4.66%
n=4), calculated by measuring 30 the FRET ratio for 30 seconds and taking the mean
average. This suggests that 10uM mastoparan treatment activates all PTX sensitive G
protein heterotrimers apidly after treatment. This supports previous studies performed in
vesicles showing rapid activation of f8llowing mastoparan treatmeifHigashijimaet al,,

1988)
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Figure4.8 Treatment of CHO.CCR.Y/C with 10 pM mastoparan before addition of 500 nM CCL3 resulted in
higher prestimulation FRET ratios. (CHO.CCR5) 1.0000+0.0319, (+mastoparan) 0.9989+0.0209.
(CHO.CCRS5.Y/C) 1.0033+0.0255 (+mastoparan) 1.0225+0.0466. All data has been normalised to the average
prestimulation ratio obtained for untreated CHO.CCRS5 cells. Bar chart represégtsneanand SEM ofour

independent experiments.
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4.3 Discussion

The aim of this chapter was to characterise thteraction and activatiorkinetics of the

G ;; heterotrimer when activated byCCR3ollowing CCL3 stimulatioi further aimof this
chapter was @ develop an assay capable of measurthg interaction in whole cell
populations in real timeExperimental data from this chapter provides proof of concept
supporting the notion that FRET measurements can be performed in a live whole cell
population tomeasure proteirprotein interactions and their activation kinetics, in a high
throughput system. However, during development of this assay numerous drawbacks to
the experimental approach undertaken were discovered, which render this assay, in its

current @ndition, unfeasible.

As discussed in the previous chapter, creation of a stably transfected cell line was a
prerequisite for the development of a whole cell population assay. Aside from already
discussed cell culture issues relating to multiple statdegfections, there are other issues
that limit the further development of this assay system. The majority of successful live cell
FRET work has been performed on small regions of interest in transiently transfected cells,
with the use of confocal microspyg (Nikolaevet al, 2007; Nobleset al, 2005) This
approach to measuring the FRET ratio has technical advantages over the wHole cel
population approach trialled by me in this research. Isolation of a region of interest in an
individual cell allows for selection of areas that are robustly expressing fluorescent
constructs of interest, as well as minimising autofluorescence signalsétarally occur

from incidental excitation of cytosolic compounds. Most autofluorescence originates from
mitochondria and lysosome@Monici, 2005) structures which are easily exded from
readings with a confocal microscof®angmet al, 2009) but impossible to exclude from
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whole cell readings on a plate reader. Several of the ncostmonly expressed cellular
compounds, NADPH, FAD and lipofuscin, have overlapping excitation and emission spectra
with both ECFP and EYFP. The abundance of these compounds is increased during times of

cellular stress and protein misfoldirggerret al., 2001)

Each of these compounds interferes with fluorescence readings. Lipofuscin is a highly
oxidised crosslinked protein aggregate, typically associated with the postmitotic aging.
Lipofuscin struitires absorb light between 364 nm and 633 (kharmorsteinet al,, 2002)

with fluorescent emissions peaking at 450 nm and 530 nm following excitation at lower
wavelengths(Bensonet al, 1979) Although relatively little is known about the processes
surrounding accumulation of lipofuscin, recent work has indicated that oxidative stress as a
consequence of protein misfolding increases itslanmulation(Baderet al., 2006) Although

the levels of protein misfolding were not investigated in CHO.CCR5.Y/C, there is an
increased likelihood of misfolding incidences in stably transfbatells that overexpress
constructs(Friguet, 2006) The over expression of transfected constructs could potentially
raise oxidative stress in cells, due to compensatory degradation of over eggréss

protein subunits.

During cellular oxidative stress events reactive oxygen species (ROS) is generated. A
countermeasure employed by cells to minimise damage caused by ROS is an increase in the
production of NADH/NADP§Ying, 2008and FAD for use in flavoprotei@lassey, 2002)

NADH and NADPH absolight at 340 nm and 260 nm with broad peaks and are
responsible for fluorescence peaking at 450 {ipe Ruyclet al, 2007)in cells examined by

fluorescent microscopy. The lensesddo excite cells in order to record FRET ratios from
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CHO.CCR5.Y/C prevent wavelengths below 410 nm exciting cells, therefore
autofluorescence from NADH/NADPH will be minimised when using the plate reader,
however, this is not the case when analysing scdlly fluorescent microscopy. FAD
complexed proteins are also upregulated as a consequence of increased cellular stress from
enhanced protein productiofPahl, 1999)FAD complexed enzymes have long been known

to interfere with cellular fluorescent readings and have a broad excitation peak at 450 nm
and a broad emission peak at 535 riBensonet al, 1979) This, coupled with lipofuscins
emission, could acemt for the highly variable emission at 535 nm seen in CHO.CCR5.Y/C
when measured with the EYFP channel. It is also likely that Lipofuscin emission at 450 nm
interfered with ECFP readings, recorded from the FRET channel. Direct measurements of
the FRET clmmel may have been enhanced by lipofuscin emission, although as the
fluorescent signal from lipofuscin is relatively constant and is not photosensitive, emissions
would just add to the noise in recordings. However FAD is extremely photosensitive and
degracdes quickly on exposure to light which could possibly have resulted in perturbation of
the FRET ratio by decreasing EYFP emission seen over long periods of exposure to

excitatory wavelengthé§Scheideleet al,, 1988)

There are two straightforward methods that could potentially help minimise problems with
the signal to noise ratio in a plate reader FRET system. The first method utilises differences
in the properties of light emitted at the same wavelength but by differuorophores.
Fluorescence polarisation spectroscopy is a technique used to differentiate emission from
large and small fluorophores. It exploits the anisotropy of a molecule, i.e. the ability of a
molecule to produce a different result if measured fromn different direction. Small
molecules rotate quickly, whereas large molecules rotate slowly. lllumination of large

fluorophore, such as ECFP, with plane polarised light will result in a large proportion of
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emitted light remaining polarised with respeab the excitation source, due to its slow
rotation. Whereas illumination of small fluorophores results in less light remaining

polarised (Knightet al., 2002)

Another approach that can be considered in order to increase the signal to migésrto

use a brighter donor acceptor pair. Although, the EEFPP donor acceptor pair is well
characterised and has been extensively utilised in many successful FRET studies, there are
drawbacks to their use in a live cell system. Some problems wiphlayy/ing fluorescent
proteins for FRET are that they exhibit relatively broad emission and small stokes shift,
ECFP and EYFP emission is contaminated with cellular autofluorescence, reduced quantum
yield compared to GFP, and ECFP photobleaches rébldhg et al., 2006) In response to

the growing interest in FRET based method to invagtigoroteinprotein interactions
numerous improvements to the basic CFP/YFP acceptor donor pair have been made.
Several mutations have been made to both proteins in order to create fluorescent proteins
with higher quantum yields. The Cerulean CFP Mutamt EiiCy protein, derived from

stony coral, display less complex, and slower decay kinetics and enhanced quantum yield
compared to ECFKarasaweet al, 2004; Rizzet al, 2004) Mutations made to EYFP
resulted in the development of Venus and Citrine EYFP, which both displayed higher
quantum vyield, quicker recovery times, lower photosensitivity and higher resistance to
acidic conditiongGriesbeclet al., 2001; Nagagt al., 2002) Although there is not a great
improvement in the spectral overlap or stokes shift of these variahtsy are brighter and

when used in tandem and result in an enhanced FRET signal, and teesefiigher signal

to noise ratio. More recently the FRET optimised ECFP and EYFP derivatives, YPet and CyPet
have been developed that exhibit a sevenfold increase in FRET signal compared to-an ECFP
VenusEYFP pdiNguyenet al, 2005) However, these constructs suffer from an increase

propensity to dimerise, resulting in perturbation of the FRET signal. Selective mutation to
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the proteins can reduce the propensity for them to dimerise making the YPet CyPet FRET

pair a superior alternative to the ECERFP pair used in this stuy@hashkt al., 2007)

An interesting developmenin the development of donor acceptor pairs is the use of a
WRIEN] Q OOSLIIi2NE ADdSd |y I OOS LI 2-Ackepliigl & R2S
Chromoprotein (REACHh) is a mutant form of YFP that fluoresces at 2% that of YFP emission.

The use of REACh as acceptor in a FRET pair allows for the use of EGFP, which is

photophysically superior to all other fluorescent proteins in terms of emission, and allows

the removal of spectral filtering from assay apparat@snesaret al.,, 2006)

Obtaining and culturing a stable triple transfected cell line is often unsuccessful using
traditional plasmid transfection technologi€kingsburyet al, 2000) More recently, with

the development of lentiviral transfection technigues the generation and use of a triple
transfected stable cell lines has been reported in HTS stdi@manakat al., 2007) The

data gathered in this project indicate that a high through put method of measuring protein
protein interactions by FRET could become a reality if the difficulties with cell culture can
be overcome. A lentiviral approach to generating the stable cell lines, the use of a brighter
FRET pair, and improved spectroscopic techniques may provide methods to oeeittam

pitfalls encountered during the development of this assay.

Regardless of the circumstantial limitations placed on this research, these data represent
the first cell based high throughout proteprotein interaction assay capable of measuring
the kinetics of activation in G protein heterotrimers. The cornerstone of this assay was the

development of a triple transfected stable cell line expressing consistent levels of donor
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acceptor FRET pairs. To my knowledge the development of a stably transfettdidec
expressing a fluorescent protein FRET pair to measure protein interactions, in a high
throughput system, represents a completely unique approach to solving the problem of
mapping proteinprotein interactions. Results from this chapter may not pdeva robust
assay system for the systematic identification opi@tein heterotrimer interactions and
kinetics, but they do recapitulate-@rotein heterotrimer characteristics. Monitoring of the
FRET ratio in CHO.CCR5.Y/C cells revealed that followindpsitn with CCL3'G | Y R, DI
undergo a conformational change brought about by the CCRS5 receptor. This conclusion was
confirmed by treatment of the cells with PTX, which prevented an increase in the FRET
ratio following stimulation, or by mastoparan treaent which also prevented an increase

in the FRET ratio, but resulted in an increased FRET ratio prior to stimulation. Limitations
with the temporal spacing of measurements meant very rapid interactions could not be
monitored. However, data obtained shawat Gprotein heterotrimers are activated in less
than 4 seconds following CCL3 addition and reassociation occurs over a period of 2

minutes.

{ SOSNIf &adGddzRASa KI @S &dz33S & il dolnktluadergoS G S N (
dissociation following divation (Lohseet al,, 2008) but rather a conformational change,

which allows the active face of the proteim tinteract with downstream effectors.
Unfortunately this is not a question that can be addressed with this assay system. The FRET

ratio in performed assays never returns to basal levels, which could suggest that following
activation and dissociation of th€ SG SN2 G NA YSNJ Dh |y R Di ! & dzo dzy’
tagged subunits, however without massive reduction in background noise it is impossible to
ascertain whether long term changes in the FRET ratio are due to this or the relative

photobleaching of autoflorescent compoundd-dowever, with the continued development
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of plate reader technology and brighter fluorescent proteins a FRET based whole cell
population assay to measure protepmotein interactions in real time could become a

reality in the near futue.
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ChapterFive
Development of a BRET Assay to
- A A OO QA p lIntgraction

5.1 Introduction

Studies of Grotein association and activation using a FRET based system assay, although
partially successful, were not as successful as anticipated. Low proliferation rates, the
potential for photobleaching ofluorescent fusion constructsand a high sgnal to noise

ratio owing to autofluorescence contributed to inconclusive results. Consequently, a
bioluminescence resonance energy transfer (BRET) based assay was developed in order to
circumnavigate some of these problems. To expedite the developmenhisfassay a
transient transfection approach was used as an alternative to the creation of stable cell
lines. In a BRET system, resonance energy transfer is accomplished by utilising light
produced by the conversion of colenterazine into colenteramide éwilla luciferase.

t K2G2ya INB SYAGGSR Fd | LIWINRPEAYFGSt@ nyn YyY:
and, as with FRET, will noadiatively transfer energy to an acceptor protein if within
adequate proximity. As there is no external light source ireslvn BRET, it results in very

low cellular autofluorescence.

127



BRET incorporates the attractive advantages of FRET while avoiding the difficulties
associated with fluorescence excitation. Additionally, BRET has been shown to be workable
in transientlytransfected cells examined in a plate read@ngerset al, 2000)and has
recently been tilised to investigate the functional selectivity of the GPCR(E€ducet al,,

2009) With this in mind, it was decided to run a preliminary investigation to seeBTBR
assays in transiently transfected cells could provide an alternative method for the

measurement of G protein heterotrimer proteprotein interactions.
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5.2 Results

5.2.1 Creation of pcDNA3.1:hrLuc -' Jo

cDNA for humanised renilla luciferase, a kirftfgpm Dr. M. Bouvier, was amplified by PCR

G2 AYOiUNRRdzOS I Lb5LLL YR YtbL Odzi aArdSa 4 0
pQ% pQD! ! bD/¢ ¢te¢ D!/ [/ VD [ 1 D/ ¢ D¢! [/ D! [/
Dte¢e [ 1/ / I ¢ D/ ¢ PCRDptodutts were ¢purified y @€l @lectrophoresis

LIJzNR FAOF GA2ys fAIIGSR Ay LID9az EgdRfor iNIyaT
amplification. The plasmid was purified by a commercially available plasmid purification Kkit,

hrLuc was then excised from theapmid by digestion with KPNI and HIND Il and purified

by gel electrophoresis solubilisation. The excised fragment was ligated to the C terminus of

D ", in pcDNA® ™ Y, Iéarised with KPNI. The construct was then transformed khtwmlj

scaled up and pified with a commercially available plasmid purification Kit.
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5.2.2 Optimisation of h rLuc Transient Transfection

CHO.CCR5 were seeded into a 35mm dish at a density df02 per dish. Cells were
transiently transfected the following day at varying concentrations of pcDNA:#DLWC

and transfection reagent (Genejuice, Novagen). 72 hours after transfection the relative
levels of expression of hrlizh, was examined by measung luminescence at 485 nm
following addition of, and 30 minute incubation witBhnduRenPromega). Expression of
transfected rLue h, was plasmid concentration and transfection reagent concentration
dependent. The optimal concentration of plasmid and transfection reagent was selected
for its high luminescence and low variability and was determined to be 2 pug plasmid and 6
ul transfection reagent Figure5.1). Transfection of pZeoSV2:EYFHP into CHO.CCRS5,
under these conditions, had previously been determined to be 2 pg plasmid and 4 pl

transfection reagent.
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Figure 5.1 Varying expression ofrLueD h, in CHO.CCR5 under different transfion conditions. Total
luminescence at 485 nm was normalised to background levels in CHO.CCR5 not expméssHig, but in
the presence ofrLuc substrate, EnduRerMeasuements were performed on a BMGlU#erostar optima FL

platereader, the data represeirthe mean + SEM of three independent experiments.
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5.2.3 Dual Transient Transfection

Transfection of either plasmid singularly resulted in robust expression of the construct.
However, transfection of more than one plasmid construct resulted in a deereagEYFP

and rLuc expression, as examined by luminescence and fluorescence re&tingsy(2).
Various transfection conditions were tried, including transfection of the second construct
one day after the first. However, no significant increase in thx@ression of both
constructs was seen through varying the protocol. Nevertheless, increases in fluorescence

and luminescence were significantly above that of control cells for dual transfected cells.
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Figure5.2. Relative expression levels ofansient transfection ofrLucand EYFP in CHO.CCR5 assay system
determined spectroscopically. (AyLuc expression isaltered by concomitant transfection of EYFBI;.
CHO.CCRS transiently transfected with renillia luciferase in the absenc&msfuRen have a background
luminescence 06.23%, +1.116 (p=0.00015@)aximal luminescence in the presence &nduRen CHOCCR5
transfected concomitantly with rLuc and EYFPin the presence ofEnduRen show luminescenceof
47.76%,#1.8055 (p=0.0029) maximal luminescence (B) EYRP i, expression is effected by concomitant
transfection ofrLuc Single transfection resulted in EYFP fluorescence 133.04%, £2.476 (p=0.00004) that of
control, whereas concomitant transfection withrLucresulted in EYFP fluorescence decreasingl@y.01%,

1+2.674 (p=0.0192) that of control. The data represent the mean and SEM of three independent experiments.

132



5.2.4 Substrate Kinetics and BRET

The kinetics oEnduRerturnover by rLuc in transiently transfected allas investigated
following EmduRenaddition at a final concentration of 60 pM. Luminescence increased
rapidly after addition oEnduRerand peaked after approximately 2000 seconds. This peak

in luminescence signal plateaued and remained relatively stable for approximately a
further 4000 seconds. After 7000 seconds the signal slowly decreases. Emission at 520 nm

was concomitantly measuredrigure5.3).
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Figure 5.3 Luminescence and fluorescence levels followiggnduRenaddition in transiently transfected
CHO.CCRS. Solid lines CHO.CC&®5emission; Blue 485 nm, yellow 520 nm. Dashed lines CHO.CORS

EYFP; Blue 485 nm Yellow 520 nm. These are representative traces from a single experiment.
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Surprisingly, there was not a great deal of difference between normalised emission at 520

nm for cells transfected only with rLuc and those with both rLuc and EYFP. This observation

was quantified by calculating the proportional emission (PE) at 520 nm compared to that at

485 nm. ForFigure5.3 the proportional emission for CHO.CCR5 transfectéid nvuc was

94.77 and for CHO.CCRS5 transfected with rLuc and EYFP was 98.52. When this method is
applied to all kinetic traces undertaken there is a trend for rLuc and EYFP transfected cells

to have a higher PETdblel). Raw PE values are variable betweens due to the variance

Ay GKS tS@gSta 2F fdzvAySaoSyOS IyR Fid2NBao
dependence upon those levels during calibration. Therefore, raw values have been
normalised to the raw PE of rLuc transfectants. Normalised PELiac and EYFP

transfected CHO.CCR5 was on average 1.14% (£1.571, n6) higher than that of CHO.CCR5
0N yaFSOUSR 2yfteé& ¢6AGK NJ dzic adddzaFP & cotskugtd Ay G SN

to form a functioning BRET pair.

Run # rLUcPE rLuctEYFP PE NormalisedrLuctEYFP P
1 87.58 88.41 1.0094
2 87.61 88.43 1.0093
3 97.5 96.61 0.9908
4 86.76 87.74 1.0112
5 94.77 98.52 1.0395
6 94.19 94.94 1.0079

Table5.1. Proportional emission of transiently transfected CHO.CCRS5. PE values are calculatedlfrdata
points from entire tracesby representing emission at 520 nm as a percentage of 485 nm emission.
Normalised values indicate there is a non significant trend for cells witlicand EYFP to have a higher PE.

rLuctEYFP PE, 1.0114, +0.0157 (p=0.1351)
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There are several published methods for calculating the BRET ratio. Data recorded
throughout these investigations were analysed using equations published by Angers et al
(Angerset al, 2000)and BMG Labtech. The real time BRET ratio traces determined using
these equations revealed no usable data regarding prepedtein interactions, there was

too little resolution between values recorded for control cells and dual transfectants. This
was mat likely due to the very high emission recorded from rLuc only transfected cells in
the 520 nm channel. There was also large variation in emission values recorded on a point
by point basis, which, when analysed using BRET ratio calculations, amplifieal the
variations. Analysis of the proportional emission shows very low distinction between

ratiometric measurements for rLuc only and rLuc and EYFP transfectedripite%.4)
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emission was very variable and showed little resolution between control and BRET capable CHO.CCRS5,
making it difficult to draw conclusions about protelprotein interactions in a real time trace. These are

representativetraces from a single experiment.
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5.3 Discussion

The aim of this chapter was to characterise thteraction and activatiorkinetics of the

@ ;; heterotrimer when activated byCCR3ollowing CCL3 stimulatiod BRET based assay
was constructed as an alnative to earlier FRET based protpiotein interactions.
Luminescence at 485 nm and fluorescence at 520 nm were measured concomitantly in
2NRSNJ (2 OI f Odz }IySR , iiyfoih Brotdin® capable/al un@efigoing BRET.
Transient transfectiorinto CHO.CCR5 of single constructs resulted in robust expression.
However, cetransfection of both constructs into CHO.CCR5 resulted in a reduced

transfection efficiency and/or expression.

Reduction in expression of transfected plasmids has previowsiy beported in several
studies. Suppression of a plasmid containing a reporter gene wheramasfected with

I y2 3 KSNJ LX F &YAR g-gatctoSidasdBairet ARIRRZMNIL SRLINERNI A2y 2
galactosidase was shown to be modulated by the type of promoter on the other plasmid
and the cell type that the ctransfection was taking place in. Interestingly, renillia
luciferase expressiohas been shown to be suppressed bytremsfection with plasmids
containing different promoter regions, in M@Foreast cancer cells. Suppression of renillia
luciferase was reported to be between 3 fold to 252 fold, dependent upon the promoter
region onthe other plasmid(Vesunaet al, 2005) These findings were reiterated, and
expression was shown to be transgene and cell line dependent, as well as influenced by
GPCRs such as androgen recept@vsilhollandet al., 2004) These reports combined with
experimental data gathered during the development of this assay system suggest that co
transfection of renillia dciferase is more complex than commonly anticipated. Low
expression of renillia luciferase and consequentially low luminescence-trartsfected

CHO.CCRS5 cells ready for BRET analysis represents a huge hurdle to overcome in the
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development of this assayotentially these issues could be circumnavigated by the use of
bi-or poly-cistronic vectors, i.e. vectors capable of expressing two or more proteins of
interest from one transcription sequence. The plasmid pIREs has been used in mammalian
cells for this prpose, and recent investigations show that repeated insertions downstream
of the IRES (internal ribosome entry sites) promoter region are equally transcribed,
allowing equal transcription of recombinant protei(Bouabeet al,, 2008) The cloning of

two genes into one plasmid requires extra plannibgt ultimately could result in more

consistent expression levels of tagged constructs.

Nevertheless, there are numerous reports of successful BRET assays being utilised to
monitor protein-protein interactions in live cell§Galeset al, 2005; Xwet al,, 2007) Early

assays utilised the same donor and acceptor couple as used in this investigation. However,
potential problems with luminescence levels were reportet ahe need for extremely
sensitive light measuring equipment was also stresbédet al, 1999) The majority of
published BRET assays have since been performed with modified donor and/or acceptor
proteins as well as with specialised equipment. An example is the use EYFP topaz as the
acceptor, EYFP topaz has a 17 fold greater emission over standd®dAfgErset al,,

2000) Further subsequent improvements to the initial BRET assay systeenbeen made.

One such improvement, is the creation of the proprietary BRET2 system (Perkin Elmer,
wherever) which results in a substantially higher level of luminescence and a greater
spectral resolution between rLuc and acceptor protein emission. BR#8iE2s a mutant

form of rLuc, that in conjunction with deepblueC substrate, emits light at 395 nm, and a
mutant form of GFP, called GFP2, which emits light at 510 nm. This assay system has been

used widely and successfully by many gro(Bertrandet al., 2002; Kocaet al., 2008)and
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has the advantage that emission for donor and acceptor are spectrally discrete from one

another and mutationsd rLuc result in enhanced luminescence signals.

Data acquired using this system showed a small overall increase in emission at 520 nm in
cells expressing the E¥BP; construct over control cells. This trend suggests that there is a
diminutive transfer ofSy SNH& RdzS (2 GKS GQff /RS MtdhhB. EA YA (&
However, this result represents the summation of all temporal points measured. The assay

system, as it stands, is not robust enough to allow real time monitoring of interactions.

BRET as &echnigue to measure proteiprotein interactions offers some attractive
advantages over the use of FRET, namely the removal of an external light source, which
removes the risk of photobleaching fluorescent proteins and eradicates cellular
autofluorescenceboth of which can have significant impacts on the ability of a consistent
FRET ratio to be measured. In addition, the use of a luciferase as the primary light source
guarantees that light emitted by the fluorophore is a result of resonance energy transfe
However, no technique is perfect and in its current fdBRET suffers from some technical
limitations. As with FRET, the addition of donor and acceptor proteins to native proteins
potentially reduces the ability of proteins to interact through stdrindrance of the native
proteins interaction sites. Alternatively the candidate proteins could be interacting without
allowing the donor acceptor pair to be in adequate proximity for resonance energy
transfer. The latter of these two situations means thatans that a BRET assay displaying

no BRET does not necessarily prove -mtaraction. Therefore it may be prudent to

experiment with different combinations of donor acceptor fusion constructs.
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Another consideration for the development of a BRET agsayeasure the interaction of
G-protein interactions is the limitations of the equipment used. The plate reader used in
these assays was a fluorostar optima (BMG labtech, Germany) which has only been
validated for measurement of basic BRET2 assays by dhefacturer. One concern is that

the photo multiplier detector is not sensitive enough to record the low emission signals
that were measured in this assay configuration. Data garnered during the development of
this assay also indicated that there is coesable overlap in rLuc emission with the EYFP
filter used, resulting in false readings for EYFP fluorescence. This observation strongly
supports the development of enhanced BRET methods, such as BRET2, that allow a larger

spectral window between donor aratceptor emission.

Ly &adzYYFrNEBXZ SIENIASN Cw9¢ SELISWRYRdattandK | &S
disassociate upon activation of the CCR5 receptor. The same conclusion cannot be made
from data obtained from these BRET studies. However, analfsdgta by long temporal
integration of BRET signals suggest that the subunits do interact. For a BRET based assay to
measure proteirprotein interactions of Grotein heterotrimers in real time to become

reality, associated instrumentation must continus iechnological development, and the

use of various donor acceptor proteins must continue to be optimised.
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Chapter Six
AEA YI PAAO | £ - OOA
on CCRS5 Signalling

6.1 Introduction

adzil GA2ya (2 RAFTFSNByYy G NI 3IAiragt degative (DNM)SNdD P & dz6
constitutively active (CAM) mutant phenotypes of the subunit. Data gained from these

mutant forms, when expressed in a cell, can provide information about signalling cascades
0KNRdzZAK | LI NI A Odzf F NI NB O Sckld, 2anipetes vaita wildtype ¢ K Sy
Dh F2NJ OAYRAY3I 2F 2 pAHiih dydeParid $dn Plack or édd@eth@ SR Ay
NEalLlReyaS OFdzaSR o0& ¢gAfR GeLXS Dhao /!la Dh SAGH
binding capability, but is locked in the a& conformation. Therefore, CAMs constantly

bind downstream effectors, which results in constitutive activation of those effectors,

although currently the mechanisms by which they achieve this are not well understood.

¢ KS Dh adzdzyAd KInad nutleotide?bihdirg) NS forrdedzlofy five
conserved polypeptide regions or boxes, termed@&8l(Tesmeret al, 1997b¥p 5ba Db
has a single point mutation in the G3 box, in which a glycine has been exchanged for a
threonine at position 203 (G203T). This mutation results in abrogated ability to bind GTP
and an increased rate of dissociation from GD®ueet al, 1995 / ! ahada'single

point mutation in the G3 box, in which a glutamine is exchanged feueireat position

205 (Q205L). Thiresults in a markedly reduced GTPase funcidermouetet al, 1991)

/ 1 a ihas a single point mutation in the third switch region, in which a glutamine has
been exchanged for a lysine at position ZRP31L), resulting in markedly reduced GTPase

function.
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CCRS5 has been shown to directly induce changes in the actin cytoskeleton, by the activation
of rho dependent cytoskeletal pathway®i Marzioet al, 2005\ ¢ K,SsubbDriit was
included in these studies as it is a known player in the activation of rho dependent

cytoskeletal pthways(Buhlet al.,, 1995)

¢KS aLISOATAO YSOKL ¥ blacks Gardgtein gighalliogKis riotokamowrD h

However, there are general mechanisms described in the literature and further possible
theoretical mechanisms are also described. There are two mechanisms that have been
SELISNAYSyYy(lftfte RSAONAOSRD® HdkdSdzyFMINE (18 2IFdzS5EKIAN
subunits, therefore preventing WT heterotrimers binding to the GRCRRphamet al.,

199790 ¢ KS &a4S0O2yR RSAONAROSR YSiK2R Ay@d2f @Sa 5b:

Ay O2YoAyl A2y ¢Naibéhindt al, 2808 dt i RIBIBMA R dzl &

5ba YR /!a Dh adzodzyAGa oAft 0SS dzaSR G2 KSftl
ALISOATAO DM &dzodzyAita |yR (Kdza LINRGARS Ay T2N
that are activated by CCRS5. In addition to data from studies with DNM and @Galvigé

gAftt 0S oFO1TSR dzLJ o0& &a&adSYFriao aiwb! 1y20°

LINE GARSE | YSIysd (2 FTANIKSNI AYSBSaGAILGARZY AY

The development of siRNA as a tool has provided the research community wigthad
to precisely target genes and knockdown of the expression of the protein. This specificity
allows the removal of predicteplayers involed in CCR5 signal transduction. By monitoring

GKS STFTSOGa (KS aeaidSYlFLGarAO NBY2@Ff 2F Dh A&d:
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provide evidence that CCR5 induced calcium mobilisation relies on othmot&n

heterotrimers other than the already defile  Pihteraction.

This study was focussed on measuring calcium release following stimulation of the
receptor. Chemokine receptor activation patterns can differ between various-oead

systems, so therefore, ideally, these experiments should be repeasing chemotaxis or

D¢t { OAYRAYy3I ladalea +ta ¢Stftod | 26SOSNE (GKAA
CCRS5 interacts with different-@oteins and will illuminate aspects of CCRPpr@&tein

interactions.
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6.2 Results

6.2.1 The Expression of $. - ihy #! -, a A 1% Result in

Increased Basal Calcium Levels.

A = s oA w

/1 ho/ /[ wp 6SNB (NIyaAirASyilEe / il VAFIEOHE GdRe 6 A (K
harvested for calcium flux analysis 72 hours after transfection, and intracellular calcium
levels wee assessed. CHO.CCR5 was transfected with pcDNA3.1, and basal cytosolic
calcium levels were compared with CHO.CCRS5. There was no significant difference between
untransfected and transfected controls, with the transfected control showing an average
increaseof 1.9% (+2.24 n=3, p=0.49399) CHO.CCRS5 was used as control and ratiometric
calcium measurements were normalised to control resting levels. All transfected cells
displayed increased cytoplasmic calcium levels compared to coRiguir€6.1 A). Baseline

levels of calcium were increased by approximately4B® of that of control, dependent

dzLl2y GKS /1 a 2NJ 5ba (i NIGZOBTFdsRay< fhed highastio$eNdb & ( A v 3
increase in resting calcium levels with an increase of 40.5% (+10.93%, rtB)Q84), with

D ", Q205L increasinbasalcalcium by 37.7% (x4.12%, n3, p=0.00001) over control and

D h, Q231L increasingasalcalcium 31.6% (+3.26%, n3s0.00003) over controlRigure

6.1 B).
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Figure6.1 Transient transfection of DNM and CAM h, and CAMD h, result in increased basal cytosolic

calcium. (A) Basallevels of calcium in transfected cellgnean £+ SEM$how an increase in cytosolic calcium

levels in unstimulated cells. These data represeht average basal levels of calcium nortised to control

from three independent experimentsDouble asterisks represent p<0.00B)(Calcium traces showing basal

levels of calcium in transfected cells. Cells were stimulated at 20 seconds with 200 nM €6ih%& plotted

represent the mean values/eighed to their nine neighbours for three independent experiments.

144



6.2.1.1 The Expression o/ $ . -2h ' # ! p,a' A 1 Affect Speed and Quantity

of CCL3 Stimulated Calcium Mobilisation

¢ KS SELINSD gvarc2wy] 2-®208D 'rBsulted in moderatincreases in calcium

Y20Af A&l GA2Yy F2ff26AYy 3  wQ26¢laat 1.022 (£0.0068) A=8,dzf I ( A
LI n ®dc H p 3Q205Y & 1.M14(+0.0109, n=3, p=0.570) that of control. Expression of

D ,G203T resulted in a larger significant increase in calcinabilisation following

stimulation being 1.070 (£0.0112, n=3, p=0.0248) of conkigure6.2). Interestingly, the

SELINB A &aivHyn pd T sk o@s  6,6d2031Ly rediultedih an increase in the

speed of calcium mobilisation following CCL3 statioh with calcium flux peaking

approximately 7.5 seconds faster than control in these cElufe6.3).

1.1007 *

1.0757

1.0507 —

1.0257 —_—

1.0001

NormalisedDF340DF380
|
|

0.9759

0.950

Figure 6.2¢ NI yaA Sy d (NI ya¥SOlseesiltiggertubdtien of typiBal CCR% mebiated
calciumflux. (A). Calcium flux following 200 nm CCL3 stimulation shows a significant increase in the amount
2F Ol f OAdzy NBf S| & SR6208Y (p=0.6268), dhess dataNdprasant ffiecdmednhand SEM for

three independent experiments.
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Figure 6.3 Expresdiy’ 2,;PHD'd ¢ ) Q2B85L Ddrease the speed of calcium mobilisation. (A) Combined

traces showing calcium flux and speed of mobilisation following stimulation at 20 second with 200 nM CCL3.

6.0 'a TFAIANE !z odzi Ay Ra3PArahsicted calldliequifedapprodingatélji MR £ | Y R
502y R&a FT2NJ OF f Opvdayn pT f dzB263T 2peak I8 lagproximBrély 7.5 secondEaces

plotted are a single representative trace of three similar independent experiments.
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6.2.2.1 Effectsof systel AOEA ET 1T AEAT x1 1T &£ 'y OOAOI EOCOS
HeLaRC49 cells were systematically transfected with validated siRNA capable of knocking
R26Yy SELINBAEAR Y| @ RontBhcells were transfected with validated
negative control siRNA (Qiagen). The negativaetrol siRNA has no homology to any
known mammalian gene. Cells were transfected and left to grow for 72 hours, in line with
the manufacturers guidelines. Transfection procedures were optimised by varying the
amounts of transfection reagent and rhodamitegged negative control siRNA. 72 hours
after transfection, cells were observed and compared using a fluorescence microscope.
Transfection efficiency was compared by counting a random field in a transfection dish for
transfected cells. The optimal transtem volumes were determined to be 1 pL Interferon

(Polyplus) and 9.2 ng siRNA/ (7500 cells/100 pl).

LYRAGARMZ £ 1y 8ubuniRiy 2 ¥,Rab el as combinations of
knockdowns, did not result in increased basal levels of calcium, as s&MMnand CAM
transfected mutants. Furthermore, there was no change in the rapidity of calcium
Y2O0Af A&l GA2y TF2ftt26Ay3T (y201R206y 2F lye 27F
knockdown and stimulation with 200 nM CCL3 there was considerable variatitme
FY2dzyd 2F OFf OAdzy NBESFaSR O2YLI NBR (2 Oz2y
knockdowns released more calcium following stimulation compared to control, whereas
Rdzl £ 1y 201 R2ghygdabEen énkc8ed Bow fesulted in a decrease in walci
mobilisation Figure6.4). Although trends were witnessed, no significant differences were
measured at this concentratiomable6.1). However, knockdown of-@oteins may affect
receptorCCL3 potency and effioa rather than completely aboh#hg the ggnal, it is

therefore paramount to perform concentratieresponse experiments.
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