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ABSTRACT

The chemokine receptors CCR5 and CXCR4 are the major co-receptors for human
immunodeficiency virus type-1 (HIV-1). CCRS is also a receptor for the CC-chemokines,
MIP (macrophage inflammatory protein) 1a/CCL3 and 1B/CCL4 and RANTES/CCLS
(regulated on activation normal T cell expressed and secreted) amongst others. Individuals,
who are homozygous for the non-functional CCR5A32 allele, are largely resistant to HIV-1
infection and heterozygous carriers show partial protection. Four mutations of the CCRS
receptor have been identified in South African populations, but the effects of these mutations
on CCRS function and HIV infection are unknown. We have used in vifro methods to assess
the effect of the mutations, Asp2Val, Leul07Phe, Arg225GIn and Arg225stop, on CCRS

interactions with chemokine ligands and HIV.

The conservative Leul07Phe mutation had no measurable effect on any CCRS function.
The Asp2Val mutation, at the amino-terminal of CCRS, decreased binding affinity for MIP-
1B, decreased chemokine-stimulated intracellular signalling and decreased expression of the
receptor. It also decreased HIV-1 envelope-mediated fusion in a cell-cell fusion assay and we
showed that this mutation had a higher binding affinity for the gpl120 HIV envelope
glycoprotein than the wild type receptor. The Arg225GIn mutation had no effect on CCRS
expression or binding affinity for MIP-1p, but the mutant receptor stimulated intracellular
signalling in the absence of added ligand, suggesting that the mutant receptor is constitutively
active and stabilised in an activated conformation. Cell-cell fusion experiments suggest that
constitutive activity of Arg225Gin mutant does not affect HIV fusion efficiency. The
Arg225stop mutant, which truncates the receptor in the tﬁird intracellular loop, yielded no
measurable chemokine binding or signalling. Fluorescence Activated Cell Sorting (FACS)
analysis showed no measurable expression of Arg225Stop mutant at the cell surface or
within the cell and consistent with this, it did not support HIV envelope-mediated cell-cell
fusion. This phenotype is similar to the CCR5A32 phenotype and might predict that
homozygous individuals are resistant to HI'V infection.



These results show that South African variants of the CCRS chemokine receptor have a
range of phenotypes in vitro that may reflect altered chemokine responses and susceptibility

to HIV infection of individuals who carry these alleles.



CHAPTER ONE: INTRODUCTION




SUMMARY

Human immunodeficiency virus type 1 (HIV-1) infection of permissive cells requires
binding of the virus envelope protein to CD4, a cell surface protein expressed on
macrophages and T helper cells and a coreceptor belonging to the G protein coupled
receptor (GPCR) family. GPCRs are surface proteins that mediate intracellular actions by
activating one or more heterotrimeric G proteins. The involvement of a GPCR in HIV-1
infection provides a target for treatment intervention. Several studies have demonstrated
coreceptor activity for many different chemokine receptors or orphan, chemokine receptor-
like molecules but CXCR4 and CCRS5 molecules remain the principal co-receptors for X4
(T cell line-tropic or syncytium inducing) or RS (macrophage (M)-tropic or non-syncytium
inducing) isolates respectively. CCRS is of particular interest since it is the coreceptor used

by the viruses that are transmitted.

Topologically, CCRS is arranged with seven membrane-spanning domains, an
extracellular N-terminus, an intracellular C-terminus and alternating extracellular and
intracellular loops. High affinity ligands and high potency agonists of CCRS that have
been identified include MIP (macrophage inflammatory protein)-1a/CCL3 and 1B/CCLA4,
RANTES/CCLS (regulated on activation normal T cell expressed and secreted),
LD78B/CCL3L1 and macrophage chemoattractant protein-2 (MCP-2). Binding of ligand
to CCRS leads to activation of the Gi family of G proteins and inhibition of cyclic AMP
production and the resultant effect is chemotaxis. Domains of CCRS involved in both
chemokine and Env interaction have been widely studied by analyzing CCRS chimeras and
site-directed mutants, comparing chemokine receptor homologues from different species
and using anti-CCRS antibodies. Even though the results of these studies are complex and
in some instances, contradictory, most evidence points to an important role played by the
N-terminal segment in Env interaction while chemokine binding to the N-terminus of the
receptor seems to facilitate interaction with the extracellular loops, in particular, the second

extracellular loop.



1. INTRODUCTION TO G PROTEIN COUPLED CHEMOKINE
RECEPTOR 5 (CCRS) AS A RECEPTOR FOR THE CC
CHEMOKINES AND FOR HIV

This review will focus on the structure and function of the chemokine receptors as G
protein coupled receptors and HIV-1 coreceptors. In the first part, G protein coupled
receptors will be briefly reviewed in terms of types, ligand diversity, structure, ligand
binding and activation. GPCRs in disease pathogenesis and in particular, the chemokine
receptors in inflammation and in HIV-1 infection will be overviewed. Particular focus will
be on the interaction between the CC chemokine receptor 5 (CCRS) and its ligands and
HIV-1.

1.1 G PROTEIN COUPLED RECEPTORS

G protein coupled receptors (GPCRs) are glycoproteins which mediate their
intracellular actions by a pathway involving the activation of one or more heterotrimeric G
proteins. These receptors are activated by several different types of chemical messengers
in the body including hormones, chemo-attractants, neurotransmitters and paracrine agents.
GPCRs are the largest group of cell surface receptor molecules comprising more than 1000
representatives that have been identified and classified into more than 100 subfamilies
based on genetic sequence homology, ligand structure and receptor function (Ji et al,
1998). Seven different families have been recognized based on their native ligands,
phylogenetic analysis of clustering of genes in the human genome and by certain key
sequences: rhodopsin/p adrenergic related receptors (type A), calcitonin receptor related
receptors (type B), large N-terminal family B-7 transmembrane helix, receptors related to
the metabotropic glutamate receptors (type C), Frizzled/Smoothened, taste 2 and
vemeronasal 1 receptors. (Gether, 2000; Kristiansen, 2004). The rhodopsin-related
receptors are the most widely studied. Despite the differences that exist between
subfamilies, rhodopsin-like receptors share a considerable structural homology reflecting

their common mechanism of action. Studies on more than 100 members of the rhodopsin
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GPCR family have shown that they are characterized by an N-terminal segment, seven
hydrophobic stretches of 20-25 amino acids which form transmembrane (TM) alpha helices
and a C-terminal segment (Strader ef al., 1994). The a helices traverse the membranes in
an anti parallel manner and are linked by alternating extracellular and intracellular loops
thus forming three extracellular and three intracellular loops (Milligan and White, 2001;
Mirzadegan et al., 2003); (Strader et al., 1994; Ji et al., 1998). A fourth intracellular loop
is formed when the C-terminal segment is palmitoylated at cysteine (Ji et al., 1998). The
N-terminal sequence is extracellular and the loops on the extracellular surface are short
whereas the C-terminal is intracellular (Milligan and White, 2001). It has been
demonstrated that the extracellular domain of type A GPCRs is the least conserved, while
considerable conservation is displayed towards the cytoplasmic side (Mirzadegan et al.,
2003). GPCRs have been shown to have a number of conserved cysteine residues and at

least one concensus sequence for N-linked glycosylation (Strader ef al., 1994).
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Figure 1.1: Primary structure of a representative member of the chodopsin family of
G protein coupled receptors ([J-adrenergic receptory showmng s transienibrane
arrangement with the N-terminu$ on the cxwaccllular and the C-terminus on the
intracellular side of the membrane. . The maost conserved residues ol each transmembrane
domain amone most of family A reeeplors s indicated (black circles). Disulfide bridge
formed between cysteines at extiacellulor loops | and 2 15 also depicied (Kristiansen,
2004). The equivalent residues for the CCRS chemokine receptor is depicled on Figure 1.5,

1.1.1 GPCR numbering scheme

Diue to the dilferences that exist among the lengths of the N-terminal regions and the
loops connccting the helices of different members of the GPCR ftamily, there is the
necessily for a numbering scheme 1o allow comparisen of equivalenl residues in dilferent
receptors. Different methods of numbering have been proposed (Baldwin, 1993; Oliveira
et al, 1994) hur these have a drawback i that they depend on the assignment of the
apparentestimated starl of each transmembrane helix. A concensus numbiering system fias
been proposed by Ballesteros and Weinstern (19943 in which positions are allocared

tndependent of the perceived start of the transmembrane (TM). T this general numbering
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scheme, amine acid residoes are Wdemiied relative 1o a referenee residue within the T
wlhich is the most conserved restdue (Figure 1.1} within the particular TM and ts asstgned
the number 300 The number of the helix which leatures the particular residue 15 allocated
ltrst folloswed by the position relative o position 50000 the helixs Any residue before the
conserved residue 1akes o number below 50 and those that come afler the comserved residue
lake a number above 500 in the right order (Ballesteros. 1995 An exlended notation [or
this numbering system gives a number tn parenthesis which tdentities the specilic sequence
pasition of the amine acid residue in a partieular receptor. Thus in the CCRE molecule,
Aspd Ay (125) represents an Aspartic acid residoe at position 125 in the amine acid
scquence of the receptor and is positioned in helix 3, 1 restduc before the most conseryved
residue {Arg 3501 in thal helix (Kristtansen, 20043 This nomenelature is used in this

1haesis,

1.1.2 Ligand binding to and activation of GPCRs

GPCRs arc the eell surface reeeplors with the most diverse array of ligands, The
family 15 known to bind and respond to agonists ranging from photons, amine acids, ions.
moereame  odorants, nucleosides, oueleotides, peptides and  biocactive lipids o large
ulveoproteins (Strader et al, 1994y GPCRs are involved in ligand hinding, signal
vereration, ransmembrane stgnal transduction and signal transfer tor cyvioplasmic effector

molecules (Steader ef af., 1994, )i er of . 1998, Miltigan and White, 2001 ).

There is a distinction hetween ligand binding and reeeptor activation which is
supported by the existence of antagonists that bind. but do not actjvate the receplor and
inthibit agomist binding.  Inferactions ol Hgands and receptors are thought to invalve
hydrogen bonds, 1on patrs and hydrophobic contacts (1 er of,, 1998), The wide struciural
dificrence among the extracellular ligands of rhodopsin-like GPCRs mcans that cach
receptir must have cvolved specitic structural  characteristics to link the specific
recopnilion of its cognate ligond to what is believed to constitute a common activation
process (Gether, 2000} Scveral distinet models have been observed fur high aflinily

ligand-binding to GPCR: small motecular weight ligands interact preferentialty with the



transmenbranc domain, while the relatively high molecular weight lizands lend 1o bind to
the extracellular foops and N-terminus (Youn et af, 20011 The f-adrenergic receptor.
which is a prototypical member of family A GPCR, is onc of the most exlensively studied
recoptors, thus can provide an excellent medel for studying ligand interaction and
mechanism of receptor activation.  Stwlies using site directed mutagenests. mofecular
modelling techniques and spectroscopie analysis demonstrated that the binding sites for the
small molecule aoonists of the Ba-adrenergic receplor are situated i a crevice between
M3, TMA TWM3, TMé and T™M7 (Dixon ef af, 1987; Steader, 1987 Tota and Strader,
bRy, The positively charged amine group of the ligand was shown to fonm a salt bridge
with the carboxy] side chaim of ﬂs,'p?" O3 0 TM3. This residoe 15 conseryved amony, the
biogenic amine receplors and s also hound by the B2-adrenergic receplor antagonists tor
the sale bridge formation {Gether, 2000). Other important interactions of the f-adrenecaic
receptor include hydrogen bonds hetween the para and mefe hvdroxyl groups ot the
catechol ring and Ser’P(2043 and Ser” *(207), both in TMS (Suader ef al. 1989},
F-}er'q'“{Zf}S} has also been shown to be accessible onthe surface of the binding-site crevice
and was suggested to form a hydrocen bond with the heterncyelic ving of the partial
agonist, pindolol (Liapakis ef af, 2000 A bhvdrogen bond between Asn®*(293) in TM6
and the B-hvdroxyl of epincphving has been sugaested while Phe” {290 also in TM6 iy

thought to stabilize the catcchol ving ( Wieland e of . 1996},

In contrast to small moteeule ligands, the binding sites of most peptide receptors have
been mapped to Lhe extracellular domains bul some evidence of the imvolvement of
rransmembrane residues have been reported (Gether, 20000; Kristiansen, 2004}, For the
ripeptide. N-formyl-Met-Leu-Phe, studies have shown that the N-formy| motety binds 1o
the TM™M core while the C-termminal region of the ligand interacts with the N-termunal ad
extracellutar loops | and 2 (N e 0 1998). Mutational analvses of the human neurokinin
receptors have identified residues i the N-terminus that are important for licand
interaction even though some residues in T3, TS and TM7 were found 1o alicet bindime
of the ligands to the receptors sugpesting the presence of a binding pocket similar to that
wnd 10 hiogenic amine receptors (Gether, 200K, Other family A peptide and
olyeoprotein - hormone  receptors  that have been stwdied  including  receptors for

neurepeptide Y, gonadotropin releasing hormone (GnRH), ehemokines, tyrolropin
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reicasing hormone (TRHY and angiotensin, their ligands were shown Lo interact direetly

with residues at the N-terminus and extracellular lonps (Gether, 2000; Kristiansen, 2004,

An agonist ligand was (irst thought to be the regulator which scicets an active
conlormation of the receplor (De lean e¢f af, 1980 but modern theories have now
proposcd active receptor states that can exist cven in the absanee of an agonisl. This
current model was bascd on the findings of Samama et al (1993} who showed that
mutations tn the third intracelluelar loop of the [J-adrenergic receplor resulted in il
activatton in Lhe absence of a ligand (consttutive activationy. These mutants were also
demonstrated to have high affinity for agonists in the absence of G proleins but not for
antagonists and extubited inercased potency of agonist simulation of second messengers

and inereased 1utrinsic activity for partial agomsts (Samama e al. . 1993).

A growing amount ol blochemical and blophysical data are now available that can
help identify the key aspects of receptor actuvation. The transition Jrom an mnmaclive 1o an
aclive stale of a receptor requires the reorganization ol the transmembrane helix bundle. 1t
has been suggesied that the cvloplasmic parts ol lhe TM helices move apart to disclose
epitopes of the receptor to intracellular signalling molecules and in the rhodopsin-like
family of GPCRs, mations of transmembeanc belis 3 (TM3) and TM6 during the process of
activation have been identificd.  These TM moavements were thought to be cffceted by
disruption of fonic interactions hetween Lhe highly conserved Are’ ™(131) at the
evioplasmic ond of TM3 with adjacent Asp™®(130} and with GlLu®*(268) at the
cytoplasmic end of TM6 of the Bs-adrenergic receptor. Charge neutralizing mutations of the
Criu® *1268) and .ﬂkﬁp} 130 in the [h-adrensrgic receplor either alone or in combination
were shown to cause an increase in hasal and pindolel-stimulated eAMP accumulation in
transieeted COS-T cells {Bullesteros ¢r af , 2000y Additional evidence of TMG movement
came from the cysteine accessthilily studies of Javiteh et ol (1997). These authors
demonstrated. uwsing a constwdlively active Po-adrensrgie receptor, that a charoed,
bydraphilic, sulihydryl-specibic reagent could significantly inhibit antaconist binding ta the
receptor.  They suggested that Cys"(285) in TM6 may be responsible Tor the
susceptibility of the comstitutively active receptor 1o the sulfhydryl-specific reagent. The

accessibility of Cys® (285 resulted from rotation or tilting of ITMé as a result of activation




of the receptor. a rearrangement which could bring Cvs" (285} 1o the margin of the

binding sile erevice where it becomes accessible to the sulthvdryl-specific reagent {Javiteh
ef al, 1997 Rigid-body movements of TM3 and TM7 have been proposed for activated

receptors (Gether, 2000; Govaerls ef al, 2003).

L.1.3 Models of receptor activation

Several theoretical models have been put [orward w0 elucilale the process of
activation of GPCRs, Onc of the frst models that was proposed was the ternary complex
mode] (De Lean er of., 19807 which suggests that upon receptor activation, following
ligand binding, the rceeptor adopts a conformatton that faciiltates ils interaction with the G
protem. This nderachion between the agonist, receplor and the G protein leads o the
formation of a “ternary compliex” (De Lean ef af . 1980} Thiz model did nid accommodate
subsequent obscrvation by Samama ef af. (1993) that some receptors couple to and activate
the G protein i the absence of tigand., These authors demonstrated that a reptacement of
the C-terminal repion of the thicd intracellular foop of the [r-adrenerpic recepior with that
ol the oyg-adrenergic receplor leads 1o agontst independent activation of the receptor. Tlis
mutant receplor demonsiruted an inereased afimaty for agonist even withow G protein and
an increased intrinsic activity for partial agonists. No prelercoce was observed  for

antagonists (Samama ef af . 19930
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Figure 1,2: Proposail models of receptor activation, (A). The ternary complex
model o De Lean ef of {1980} depicting the interaction of the hormene, 1, the receptor R
and the G protent G, (B). The extended ternury complex model in which 12 undergees an
allosteric transttton to an inermediate. R* R* then interacts with H and G {Reproduced
from Samama ¢f af . 19933

[ light of this, an oxtended ternary complex node]l was proposed which both
accommodates the phenomenon of agonist-independent receptor activity and the complex
behavior o different clazses of lgands (aoonisis, parliad agomnisls, fverse agonisis, neutral
antagonists} { Gether and Kobilka, 1998 Gether, 20003, This two-state model suggests that
the receptor exists in an cquilibrium between an tnactive conformation (R} and an active
conformation (R*} and 10 the absence of bound Ligand. the nactive state prevats resulting
in low hasal levels of sigoalling in the absence of ligand.  Agontst independent
feonstitative) aetivity has been described for several GPCRs and 10 most cases. mutations
uf the Glulamic/aspartic acid restdue 1 the GludAspAra Tyr motit has been implicatad. In
one study, replacement of the A .c.]f‘ Yo 142} of the AspAre yve motif of the o g-adrenergic
receptar with alanine conlerred high constitutive activity of the receptor {Scheer o7 af |
1996, Another study with opsin showed that replacement of Glu' P11340 of the
GluArgTyr mout with Gin leads to increased activity i the absence of ligand while
aspartic acid ar the same positon mhibited this activity (Cohen ez of, 1993), Rasmussen
and collaborators also mutated the Asp residue of this motif in the Br-adrenergic receptor,
:\:-'p”q['IEUL t Asn oand Ala and found that both mutant reecplors showed constitulive
activity {Rasmussen ef af, 1999, These results suggesl the importance of 1he negative

charge of Asp/Glu in stabilizang the inaetive state of GPCRs.
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Agonists are predicted o bind with high affinity 1o and stabilize the R* conformation
thereby shifting the equilibrium and the proportion of receptors in the B* conformation.
fnverse agonists (negative antagonists) are thought to move the equitibriom away from Lhe
R* state by stabilizing the inactive R state (Gether and Kobitka, 1998, Gether, 20000 while
neulral anlaganists are compounds that bind with the samc affinity to both the R and the R*
and have been supgesied not b have any effeel on the equilibrium {Gether, 20005 The
cxtended ternary complex model 15 currently the most widely accepted mode] Jor GPCR
activation butl a model which represents only two conlonuational staes ol the recepror

wlone s not suflicient e explain the complex bebaviour of many GPCRs.

A multistate model has been proposed in which the receploy is suggesied Lo allernate
between multiple active and inactive comformations (Kenakin, 20040 In this model, the
conformation to which a ligand binds with highest affinity determines the biclogical
response  angd  pharmacological  propertics  of  the lizand (G protcin aclivation,
mternalization, dimerization cte.), thus reflecting the different Kinds of citicacy that
differcnt lizands can have {Kenakin, 2002). There is ne requirement for a commaon binding

meode for aganist to trigger receptor activation { Gethor, 20060,

1.1.4 GPCRs as drug targets

Seven transmembrane receptors that couple o O proteins have proved 1o be
extremely important protein targets for therapeutic infervention and many drugs that largst
these proteins have passed clinieal trials and are now available on the market (Onutier and
Haruk, 20021, Currently, mest of the drogs that ace i the market tarpet the biooenic amines
receplors. such as the SHT, histamine, muscarinic acetylcholine and dopamine receptorvs and
adeenoceptors, knowledoe drawn from the development ol these categonics ol drugs will be
essential for Lhe development of small mulecote antagonists of other receptors of the same
family especially thuse of peptide and protein receptors, Chemuoking receplory have ajtracted
infense interest as targels tor drug devetopment sinee they have been shown to play important

roles in many disease processes such as in chronie inflamumation, angiogenesis and
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angiostusis (Ooutter and Horuk, 2002).  These proteins have also been exploied by
pathogens, the most important pathogen being the human immunadeficiency virus which
uses the chemokine reeeplors CXCR4 and CCRE e patn enwry int cells, Thus small
molecule chemokine receptor inhibitors that targer these receptors could be used us anti-HIV-
| drugs to fight the disease. Many chemokine receptor antagonists that targer CCRS are now
at an advanced stage ol developmenl (Ribeiro und Horuk, 2003; Liste and ‘Lelenti. 2007). The
struclure-function relationship of these recepors and their ligunds and the conformational
changes that oceur after ligand hinding and HIV-1-gp | 20 intcraction need 6o be considered

when designing these small molecule inhibitors.

1.2 HIV-1 INFECTION

The hwnan immunodeiiciency virus (HIV) the etivlogic agent ol the acquired
immunodeficiency syndrome (AIDS), unknown to medical science belore 1982, by now
miected millions of individuals worldwide (Farean ef af. 1997 McCuoichan, 20005,
Current data show that 39.5 million people are living with HIVZAIDS with 4.3 million new
infections in 2006 (UXALDS, 2006). There are two types of L1IVs classified according 10
geneuc and serojogical differences and also in their geographic distribution. HIIV-1 is the
most common type found worldwide and HIV-2 s found mwstly in West Alrica
(McCutehan, 2000). HIV-1 is divided into three groups. M. N and O with groop M being
respansible for most of the discase worldwide. Nine sublypes and foureen circubiting
recombinant torms of group M viruses lave been charactertzed. The different sublypes are
not evenly distributed in Africa but in Central Equatorial Africa where THY has been
evalving the Jongest almost all subtypes bhave been identitied (Burgers and Williumson,
2008y, In South Afries, most infeetions are predominantly with subtype €. ‘The high
degree of viral diversily is associated with high mutation and recombination rates coupled
with rapid wmover of the virus (McCutchun, 2000: Burgers and Williamson, 2005). Since
the discovery of this highly infective and deadly yvirus, research has been focused on
understanding its bhiology and 11s interaction with host cells lcading 10 possible ways 1o

fighl the virus through the use of drugs and vaceines.



1.2.1 Mcechanism of host cell infection

HIV enters CD4= T-cells by a cascade of molecular interactions between the virion
envelope clvenprotein and two specilic receplors on the host cell surface.  All well
characterized H1V-1 isolates have been shown to be dependent on €134 as the primary viral
receptor. but expression of CIM alomne is not enough to explain why different HIV-1 virases
can infect different subsets of €134 expressing cells in vitro (Broder and Berger, 1993;
Weismann ot al, [945; Beroer ¢f of, 1999), 11 was later found that the receptor (CD4)
could render cells permissive for Envemediated fusion, entry and infection only when
expressed om a human cell type. a fmding that was supported by ecll hybrid experiments in
which a conclusion was drawn on the need for a cofactor {eo-receptor) that is specitic to
buman cells (Berger er . 1999) Thus infection of host cells nviolves the complex
interaction between the viral envelop glveoproteins (gpl20 and gpdly CD4 and a
coreceptor. A straight forward model suggests that gpl20 hinds C4, on the target cell
surface and this initiates conformational changes in the gpl20 glyvcoprotein and passibly
CD4 exposing a previously hidden corceeptor binding site. The CD4-epl20 complex then
hinds 1o the corceeptor and stabilizes virus binding triggering a further conformational
change, which leads to the appositicn of the viral and host cell membrancs and exposure of
hydrophohic gpd| fusion peptide.  Insertion of this tusion peptide into the host cell
membrane then induces membrune destabilization, mixing and hence fusion of the virus
with the tarpet cell (Broder and Collman, 1997 Howard er al, 1999, Weiss, 2001: Farber
and Berger, 20023 Once the virus enters the cell. il releases ity RNA and the enzyvme
reverse franseriptase. This enyyme is known 1o catalvse the produetion of viral DPNA from
vital RNA. The viral DINA then enters the nmacleus of the host cell and iy incorporated inteo
cellular DINA by the integrase envyme. The protein synthesis machmery of the cell then
produces the protein Gag-Puol which together with 1he gag and the enyv proteins 1y cleaved
by the virus encnded aspurty] protease (Kazmierski ef of., 2006), lurther enrymatic
clcavage wives rise 1o functiomul proteins that are necessary tor the structore of [V, The
fusionfentry provess thus presents naultiple protein targets for chemotherapeutic atlack both
on the virus (epl20 and gpdl1 and the host target cell (C14 and coreceptors) (Farber and

Berger, 2002).



1.2.2 Chemotherapy of 1HI1V-1 infection

In the abscnce ol polent anti-HIV vaccines. other preventive methods have o be
cmploved w fight the ongeing ALDS pandemie (Neurath e ol 200000, This will melude the
devetopment and apphication ol saler and elfective chemotherapeutic agents against the

virus or against key processes that lead o infection by the viros.

Cireat progress in this line was achieved by the discovery of potent inhibitors of the
viral reverse ranseriptase and prodease engymes, Subscyuently. studies proved that tnple
combination therapy or highly active anoirelroviral therapy (HAART) and other tnple
combinations that mcluded the nen-nucleoside reverse transeriplase mhibitors (NNRTIs)
were ellicient in reducmg mortality and suppressing viral lead (Pomerantz and Hom,
23 These combination drugs markedly suppressed viral replication m most treated
individuals thus restoring their mmmune system function {larber and Berger, 2002:

Pomcrantz and Horn, 20030,

IYespite the use of these inhibitors for HIV therapy. there is still a growing necd for
improved therapies (Strizki ef of,, 2001: Takashima et af.. 2001 : Farber and Berger, 200.1)
due to problems that [muit the current regimen. There is the current problem of resisiance
to the inhibitors which is mamly duc o the b ldelity of the HIY reverse transeriptase
coupled with the lack of associated proofreading lunetion. This creates the possibility lor a
number of mutations in the gencs ol HI'V te emerge and be selected durnng drug treaumennt
as the predominant strain (Wanp ef of, 1999, Kim ez . 2001 Apant from the emergence
of resistance 1o most available antizetrovival drogs, there is also the dilficully of adhering to
certatn  trealments that require ligh pill burdens, multiple daily adminisiration and
sometimes disabling side cftects (Strizki er o, 20070 Farber and Berger, 20023, In some
countrics, particularly in Africa where the pandemic 15 spreading at “an alarming rate”™ the
cost of these drugs are stll net affordable (Farber and Berger, 2002: Trewmicht e ol

20027,

MNoe to drug resistance of FIIY that are now associated with the current antiretroviral

drigs, most rescarchers suggest the development ol anli-HIV drugs that will target



compunents of the hest cell machinery cssential for viral replication,  In this casc, such
molecules will not mutate i the presence of drug pressure {Farber and Berger, 2002). The
mechanism by which HIV enters the host cell 15 proving promising and is receiving greater
attention in the corrent scarch for new anti-viral agents (Farber and Berger, 2002; Seibert

utd Salonar, 20043

Fusion RT integrase  Protease
inhibitors.  Inhibitors  inhibitors  Inhibitors

Figure 1.3: HIV-1 enfry into host cell wml the nroleenlar targets for anti-HIV therapy.
Infegrase inhithitors are at an advanced stage of development. but not currently availabte for
clinteal use while fusion inhibitors are currently in ¢linical use (Lusso, 2007)

Several entry or fusion inhibitors that are known to block different steps of the
fusion‘entry process by inleracting with the covelope protein gpl20 or gp4l or with the
turget cell proteins. €D or the co-receptor are now either to chimeal use or are widergoing
pre-clinical or clinical development (1De Clereq, 2002; Scibert and Sakmar, 2004; Liste and
Telemi, 20073, Examples of these fusion mhibitors include 1-20 (enfuvirmide) which is in
clinieul use. binds to gpd 1 1o prevent [usion, T-124% which has a sinular mode o action ay

T-20 but with enhanced potency, PROSA2 which interferes with the gp120-CD4 interaction
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(Trkola ef of , 1995) and BMSS06 and BMS 378806 which bind 1o gpl20 w inhibit the

interaction between ppl 20 and CD4 (Lin et of., 2003).

Two maor chemokine receptors have been implicated as co-receptors in this 1HY
fusion and entry process (Coccht ¢f of, 1993). The virus swains that are wansmated and
which predominate during the asymitomatic phase of the disease {Phase where there are no
AIDS symproms and at Gimes there s normal CO4- T cell county were shown e be unable w
infect CD4" T cell lines, but could infect primary macrophages.  These are known as
macrophage (M) tropie HIV isolates and have now been shown to use the CCRE chemokine
receplor a3 a coreceptor (Deng ¢f af . 1996, The essential role of CORE ity [unction as a
coreceptor for HIY entry into the bost cell has been supported by the lndings that human
CD4 alone way insuflicient o render cells permissive lor infection. 11 was also discovered
that the {3 chemeokines. LIY78c, LD78[ (both isoforms of macrophape inflammatory protein,
MIP-Toe [CCLS, COL3LIT, MIP-1TECCLY (macraphape inflammatory proteins 1[3) and
RANTES/CCLS ¢regulated on acuvation normal T cell expressed and secreted) could mhthit
wnfection of macrophage trophic strains and not T cell wophic LILV-]1 iselates (Alkhatb ez of.,

1996: eng ¢f af., 1996; hagic ef al., 1996).

Chemokine-mediated inhibition of HEV entry is thought o result from steric blocking
{bv the chemakine ligand) of interaction between the viral protetn, gpl 20 and the co-receptor
or from ligand-induced internalization of receptor {Arenzana e af. 996 Simmons et af.
19971, There s also evidence of hzand interference with reeeptor reeyeling, Az levels of
chelnohines inerease, ore CCR3 are tilled preventing 1HY from gaining access Lo the
receptor (Amara ¢ af. 1997 Alkhatib er ol 1997: Brandt e af. 20027, Brandt and
coltaborators  showed that the efficiencey of internabization can cause difference n
susceptibilily o chemokine-induced blocking of IV entry. They showed thal a CCRS
defective of phosphorylation sites did not internalize i response to chemokine and showed
resistance Lo the blocking effects of chemohing to Y] entry (Brandt ef of, 2002} Afler
phosphorylation and  iwernatization, receptors may  traffic 1o endosomes resulting n

dissociation of ligand and recyeling of the receptor back to the cell surface. A defect in the



process of reeyveling loads to decreased amount of receptors on the surface of the cell causing

a decroase in the amount of receptars available tor use by 1Y,

Chemekime mediation of 1Y inhibition and chemokine link to susceptibility te
infection by HIV has beon associated with copy number of chomokine pones. A dircet
correlation  between the chemokine agene copy oumber and V-1 susceptibility was
catablished by Gonzalez and collaborators (Gonzalez ef «of, 20053 Their study involved the
high atiindy heand of CCRS5, CCL3L 1 which has been shown to be a inore palent inhubitor
of HIV-1 infection than BANTES {(Nibbs ef of, 1999} Gonzales and collaborstors anabyzed
segmental dupheations of the CCL3LT gene in people from different ethnie groups and
found that the copy number ol this chemuokine varies {rom one person to another, Their study
revealed that this difference in copy number om its own did not determine suscepribilily but
the gene number relative to the aversge number for the ethnic group was the delermining
factor (Conzalez ef of, 2005), Thus indivicdals with low copy number of CCL31LT compared
tr the averape lor their ethnic population will be more susceptible to HIV-1 than individuals
withh hizh copy number from the same racial or ethnic population. Africans have a
significantly high number of CCL3L] gene copies compared to non Africans (Gonzalez ef

af, 2005).

Further evidence of CCRS invalvement in 10V infection was hased on population
genetic studies which showed Lhat genetic variants ot the CCRS penes reduce HIV
susceplibility and/or progression Lo ATRS (Howard et eof L 19990 The most widely studred
varnnl of CCRS (CCR5A52) has a 32 hase pair deletion within the coding region of the
coreceplor gene which leads Lo the production of a truncated receptor {(Liu ef al, 19960
Samson ¢f al, 1996)  Individuals who are howozyveous for this deletion mutation were
showan ta e highly resistant o 1Y infection, 1o the heteroryenus state, the mutant allele s
associuled with partial protection against HIV-1 infection and delaved progression to AIDS
th seropositive twlividuals (Lin e el 1996, Paxton ef of, 1990 Samson e ol 1996).
Geographic analysis of this mulation shows that the mutation s present almost exclusively n
Furape with up te 14% in some northern populations of Eurasta. A North to South cline
distribution of this allele has been reported with Sardina having the lowest frequency (4%)

and lintand, the highest (15.8%) (Libert er gf. 1998 Zawicki and Wilas, 20671, Bue 1o
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migration and settlement of Furopeans and their descendants in other parts of the workl.
there are evidences of this mutation out of Lurope. The mutation is absent in indigenous
Mexicans but present ar a frequency of about 4.4% in Hispanic Mexicans (A frequency ol
8% 15 nbserved in Spain). Some non Caucasians such as Indians and Chinese have been
reported to carry this mutation and tus mav be as a resull of gene inflow 1o ancestral
populations {(Zawicki and Witas, 2007}, The mutation s absent tn Alricy, South America.

Asian the Pacific 1slands.

The age of this mulation was estimated 10 be approximately 700 years and it was
suggcsied that a strong selective pressure imposed by a factor in Furape which pave its
carricrs some kind of advantage must have pushed the frequency of this allele 10 1ts present
day distribution (Stephens et af, 1998). The I3lack Death of 1348 which kilted millions in
the European continent was an obvious candidare, ‘The bubonic plague was also a suitable
candidate. The plague agent was known to infect CCRS carrving macrophages and thus

there was selcotion of the CORSAS2 o prevent inlection.

As HIV-1 infection progresses. viruses that emcrge proved unable to infec
macrophages but acquire the ability 10 infect lvmphocyies and CD4 T cells, These arc T
cell (T) wropic isolates. whichatse the CXCR4 chemokine recepior cither in place of, or in
addition . CCR3 for cellular enuy. CXCR4 was the first HIV-1 coreceplor thal was
identified by Feng and cotlaboraters who used a cloning method that was based on the
ability of a cDNA litvary to allow fision of cells expressing Fny from Jaboratory adapted
strains with a CDd-expressing murine cell.  [sofation and sequence analysis of o single
cDNA showed that the protein betonged 1o the GPCR family of transmembrane receplors
(Feng of al.. 1996; Berper of al., 1999, This protein was named “fusin® and was later
shown Lo be a chemokine receptor thut binds and responds 1o the CXC chemokine, SDEF-

HUXCLI2Y (Bleul er &l . 19963,

Structuratly modificd agonists or agonist denvatives of CCRS and CXCR4 have been
shown 10 compete with HIV for binding o the receptor and thus contribute v inhibilion of
infection by the virus (Amara ¢f of , 1997; Arenzana-Seisdedos and Panmentier, 2006). [n

addition. hinding of the natival ligands and these derivatives cause internalization ol the
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receplors therehy reducing the amounl of receplor present on Lhe surface of the cell for
inferacuon wilth the 1TV envelope. These chemoking derivatives such as aminooxy pentanc
(AOPFRANTLES and AQP-LD7EH(AOP-CCL3LL) have been exploied as HIV hlocking
agents due Lo their collective capacity to hind the receptor and down reoulate reccplor
expression {Arenzana-Seisdedos and Parmentier, 2006). The major setback lor the wse of
these modified ligands as anti-FUY drues s their instability, poor pharmacokinetics and
high ciost which outweigh the benefit.  Thus chemokines and chemokine roceptors, m
particular CORS and CXCR4 necd o be cxploited further for their roles in HIV entry,

inhikitien ol entry and drog design,

1.2.3 HIV-1 Vaccine development

The most powerlul and 1o & great extenl the most cost eflfective measure to combl
HIY will be Lhe development and vse of an effective prophylactic and protective vaccine
against the virus. Taking advantage of the fact that [1IV-] transmission is primartly through
mucisal-associated  tissues, and the knowledoe of the mucosal Imunune  system,
development of a mucosal vaceine is now in progress (Y oki er ef  2007) The principle of
vaceing develapment balds that a vaceine should contatn immunogenic characteristics of
ihe prevalent FHY subtype(s) circulating i a geographic area (lHevndriekx ef af., 2Hth, A
vaceine which blocks replication o the virus has been proposed since infection by IV
cannot be reversed onee it has been established,  In this case, blocking replication will
prevent FHY [rom entermy and infecting fresh targer cclls. This approach reguires

neulralizing antihodies dirccted agatnst the viral envelope protein,

‘T date. the development of an efficacious vaccine against TTV-1 sull poses great
probtums i the worldwide fizlt against HIV and AIDS. The relatively high level of
ecnclic divergence and the fact that the correlates of a vaceinated individual are unknown
(Anderson e of, 2000 Mevndrickx er af, 2000) remain the muajor obsiacles 10 vaccme
development. Thuos, it will be necessary to have a cockial of ditferent immmunogens that
are representalive of cach genolype and phenotype or that are adapted to different

ceographic regtans or over tite (Heyvndrickx e o, 20000).



1.3 CHEMOKINES AND CHEMOKINE RECEPTORS

Ity the process of inflammation resulting [tom infury or infection, there is selective
recruitiment  of  leucocyles  including  T-lvmphocyles  which  traverse the  vascular
endothelivm and migrate into the peripheral tssues in response 1o a gradient of chemotactic
factors such as chemokines (Menlen ef af, 2002).  Chemokines are a group of small,
mostly basic prowcin moleeules of 8- 14K Da and approximately 70-80 aminoe acids in length
which have been shown to adopt a similar fold even when the overall sequence wdentity is
low. Fractalkine 15 an unusual membrane-bound member of the family (Stantchev and
Broder, 2001 Onuffer and loruk, 20021, ‘The chemokine family is characterized by the
conservation of four evsteines and has been classified into four subfamilics depending on
the motit exhibited by the first two cvsicings,  These are the CXC or alpha chemokines
which have an amino acid residue between the st two eyveremes, the CC or hota
chemokines with the first two cysteines next to cach other, the € or gamima (represented by
bvmphotacting which has lost the tirst and the third cysteines and the CX3C or delta
chemokime which exhibits three amine acids between the (st twe eysteines and Tractalkine
or neurotactin is an unusual membrane-bound member of the famiby (Rossi and Zlotnik.

2000; Mellado er af . 2000 : Menten e af,, 2002),

A different chemokine nomenclalure presenled  at Lhe Keystone  Chemokine
Symposiunt, This nomenctature 15 based on the chemokine receplor nomenclature which is
being used at presenl V'he chemokine reeeptor nomenclature uses CC, CXC XC and CX30
with an [ (for receplor) at the end [ollowed by a number. Thus the new nomenclarure
proposed the use of L (for higand) to replace R when naming a chemokine. In Lhis respect. a
CC chemeokine receptor 3 will be designated CCR3 while a chemokine ligand will be
designated CCIL and a number which represents the gene number encoding the chemokine

i question (Zlotonik and Yeoshie.. 20041)

Chemokines share a conserved monomeric fold characterized by o diserdered short
amine teemings betore the first two cysteines, a conserved core region which is made up of
the s called “N-loop®, three anti-parallet -strands separaled by shorl loops and a carboxyl

terminal o-helix (Stantchey and Broder, 2001: Bonduc ef af, 2002: Blanpain ef of. 2003).



Chemekines are constrained by disullide bridges hetween cysteine residucs {Stantchey and

Broder, 2001 ).

Figure 1.4: Typical chemokine fold of the viral macrophage inllammatory protein-1
(¥MIP-1} showing an extended M-terminal segment that containg the 3¢ helix, three anti-
paralle] [i-shects, the a-helix steucture just befere the C-terminal and the eyvsteine residues
forming disul(de Huokages (from Luz er af |, 2005)

Chemokinegs exert their effects by interaction with specific G protein coupled
receptors present in the membranes of target cells. The chemokine receptor family is the
lireest subfamily of pepticde hinding GPCRs that have been described 1o date, They belong
e the class A GPCRs which show high level of bomology with ehedopsin (Omiutfer and

Horuk, 2002).  Sequence homology among chemoking receptors may vary from 23% to



80%. Some characteristic features common among chemokine receptors include an acidic
N-terminal domawn, the DRYLAIVHA scquence or a variation ol it in the second
tntracelluluar loop, proposcd 10 be mvolved i G protein interaction, @ short basic third
mtracellular loop and the presence of @ eysieine in each of the [our extracellular domains
(Murphy, 1996; Stantchey and Broder, 20015, The conserved cysieine residue in the first
eatrcellular Toop is known 1o tonm a disullide bond with the ¢ysteine in the second
extracellutar loop, This disulfide linkage is a common feature in the GPCR super-lamily.
Only chemokine receptors share the sccond disullide bond which is formed between the \-
tcemmal and the thind extraccllular Joop (Oppermann. 2004).  Chemokime receplors can
ulso be grouped inte four families depending on the chemokines with which they interact.
ie CR. CCR. CXCR and CXICR which interact with the ., QC, OXC, and CX3C
chemokines respectively (Murphy e al, 2000). At present, more than 45 chemokines and

almost 20 chemokine receptors have been described (Onuffer and 1loruk, 2002),

1.3.1 Ligand bindiog and activation of chemaokine receptors

Structure-function stinlies show that chemokines have 1wo magor sites of interaction
with their cognate receptors. the flexible N-terminal portion that precedes the first cysteine
and the rigid loop that follows the second cysieinc {Onuftfer and Horuk. 2002). Functienal
analysis of different chemokines has led to the general conclusion thal whereas the N-
terminal domain of these proteins is necessary for triggering receptor signaling. the core
domain of the molecules containg maolifs that are essential lor their tight binding o the
receptors (Laurenee ef aof . 2000%,  Lven though variations exist among the different
chemokine and chemokine receptors in terms of domains fnvolved 1 binding and
activation of intracellular signal, o general model suggests that chemokings alange with
other evtokines and semall peptides bind 1o the reeeptor’s N-tenminus and one or more of its
extracel lular loops. There is also a possibility 1or interactions between ligand’s C-lerminus
and the transmembrane core of the receptor (Ahuja ef &, 1996; h e of, 1998; Stanichey
and Broder, 20013, The role of chemokine binding to the N-terinunus of the receptor seems
o fucilitae the subsequent interactions of the ligand with the extracellular loops (Stanichey

und Broder, 2001,



Considerable evidenee suggests that chemokines can activate nearly all of the
downstrcam signalling pathways associated with GPCRs but factors that determine the
petthwiy that will be prelerentiatly or predominanily activated are not known (revicwed by
{(stantchey and Broder, 2001 Chemaking reeeptors are offen given as examples ot
GPCRs that asseciate with the pertussts toxin (PT) sensitive Gi proteins, the o subunits of
which are best known for their ability 1o suppress adenvlate cyclase (AC) achivily
(Bapmiolint ez af.. 1997 Beekner, 1997 Neplune e af . 1999 Stanichey and Broder, 2001)
Thus it is well established 10 cells expressing chemuokine receplors that chemokines cause a

reduction i evehie AMP (cAMP) (reviewed by Muwphy. 19096; Bagogiohn ef o, 1997),

1.3.2 Chemokines, Chemuokine receptors and HIV

A number of other human chemoekine receptors and related orphan receptors have
heen demonstrared to support infection by one or mare [11V-1 strains in vitro and these
include the chemokine receptors CORZb (Doranz ¢f af, 19967, COR3 {Chae of ol 1996,
Doranz et af.. 1996, Alkhatib ef af., 1997% CCRE (Horuk ef of . TO9R; Jinno et of . [998),
CCRY (Choe er af, 19984y, CXCRI (Rucker e af . 1997 Combudiere of wf 1998} and the
receplors APT {Choe e af . 19980 Edinger e ol 19983 HIV-2 and SIV envelopes may
wse ather coreceptors in addition 1o CCRS including STRIIZCKNCRS (Tiaa er al | 1997).
GPRI5S BOR (Farzan et o 199740, AP and GT'R-1.

A valine to isoleucine mutation within the first transmembrane demain of (CR2
(CORZ-Vaadly has heen deseribed. This mutation oceurred at an allele frequency of 10 to
15% among Caucasians and Alrican Americans and s assocated with a 2- 0 dovear delay
i proocession 0 ALDS (Smith er af, 1997 Lec er wf, 1998),  Lec and collaborarors
investigated the mechanism of the protective effect of this pelymorphism by comparing
expression and corcceptor activities of the wildtype and V4l mukant torm ot the CCR2
isoform. CCRZh. They also studied the eflects of expression and agonist hinding to the
wildtvpe and mutant CCR2Zh receptors on the tuncticning of the twoe major HIY-
corgeeptors, CURS and OXNCRA, Their results indicate that the protective effect may be due
to an indireet reduction of signalling by the two major coreceptors induced by addition of

their lizands (1.ee e af . 1998 Subscquent study on the V641 by Mellado und callaborators



ploposed heterodimerization of the CCR2BV6A! with CORS and CXCRS (Mellado ¢f af .
1999y which may cause g reduction in surface expression of the lwo major coreceplors,
HIV cnv-induced signalling of CCRS and CXCHKR4 have been reported (Davis er af L 1997
Weissman ¢f al, 1Y97) and since receptor signalling has been suggesied Lo play a role in
surface expression of reeeptor ikl in post-entey events in viral replication (Chackerian er
al., 1997 Edinger ef ol , 1997), the hink bevween CCR2 and the miajor HIV-1 receplors.
CXCR4 and CCRS may provide a possible explanation for CCR2 coreceptor activity (] e
e al . 1998y, I bas alse been shoswn that o the presence of human I, O16 cells
expressing CCR2b and CCR3 both support syneythium formation by the dual vopic THV-]
envelope. 896 suggesting the use of a varicty of related entry cofactors by some primar

virws isolates (Dorans of @l . 1996)

Ihe use of COR3 as an HIV-1] corcceptor was Initlally  coofined to micragliil
infeetion but it was Tater reported that COR3 may commanly be used in chronie mlection.
CORS use was investigated by Choe and co-wobers who shewed that Hel a cells that were
cotransfected with plasmids expressing huan €04 and CCRZE could be infecied by the
viruses ADA, YUI2 and HXBe2 and binding of  w CCR3 ligand, cotaxin inhthiled
infection by these isolates (Choe ¢ @l 1996), Consistent with the result of Choe el ul,
Alkhatib et al (1997) ulso showed using an HIV-1 envelope dependent fusion assay that
CCR3 can inmteract with Envs drons some M-iropic strains (Ba-1., IR-FL.. SF-162 and ADA),
I-tropic laboratory adapled struns (1B and 1.AY) and the dual tropic primary selate,
89.6. CCR3 usuge by LIV envelopes was shown o be strongly dependent on its surface
expression levels with i large nuinber ol viral Env proteins being able 1o use CCR3 as a co-
receptor only al higher levels of surface expression (Alkhaub ef af., 1997, Rucker ef ol
1997). Recent studies huve demonstrated efficient use of CCR3 by HIV-1 envelopes from

wiruses at acute infection (Aasa-Chapinan ef ¢f , 2006)

CORY. which is a recepior that binds the CC chemokine 1309, has also been
implicated in HIV infecuon, 1t has been shown ihat CCRE ¢an serve as a coreceptor for
diverse T-cell tropic, dual vopic and macrophage ropic HIV-1 strains and that 1ts hgand
1300 was able o inhibit HIV-1 envelope-mediated fusion and virus infectivn {(Horuk of af,,

1998), There has also been o suggestion off CCHE functivn as a coreeeptor for HIV-
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inleetion i bram-derived cells as well as ‘U ocells {Jinnho er af, 1998)  Many other
chemoking receplors und orphun receptors of the chemokine family have demonstrated
corcecplor acuvity for different HIV-1, i1Y-2 and SIV strains {Edinger ef af . 1998, Liao

el o, 1997 Choe ef ai . 199800,

Despite the use of this diverse repertoire of receptars by HIV as eo-receplors, CCRS
remains the most impartant chemaoline receptor involved in HIV-1 infection, The almost
complete protection apainst HIV-1 infection of individuats who are homoeveous [or the
AJ2 CORS mutation (Paxton ef af, 1996, Samson f «f., 1996) and the fact that individuals
whio lack CCOR3 but are infecred with 1HV-E carry only the strains that use CXCR4
{Michael ef af.. 1998, Nait er of . 2002) 15 cvidence for the impartanes o CCRS in HIV-|

infection.

1.4 THE CC CHEMOKINE RECEPTOR 5 (CCRS)

I'he CC chemolane reeeptor 5 {CCR3)Y 3w member ol the chemoking receplor
subclass of G profein coupled receptor scper-lamily. 1L belongs w the CO fumily of
chemiokine receptors which ineracts with the proinflammatory chemokines, MIP-1o, MIP-
1. LDTER, RANTES and MOP-2 (monocyie chemotactic protein-2). CCRS ix encoded by
a pene located on chromosome 3p21 and shares 71% dentity with CCR2B {Raport of of |
19963, 1t is expressed i lvmphoid orpans such as the thymus and the spleen as well as
perpheral blood leococyies such us mucrophages und T eells. CCRS was the lirst example
ol = hutran chemokine receptor thal signals nresponse o MIP- 13 and 1y fonetons melode
activation and chemotaxis of various teucocyte populations W site of inflammuation {Raport
ef ol 1996, CCRS s the major co-receptor tor the macraphage fropic strains ot the

human immunedefictency virus typel (111V-11,

The nvelvement of CCRS in chemotaxis has been demenstrated in inflammatory
discases such as mulliple sclerosis. rheumatoid arthritis and  dizbetes where 1 cells
expressing CCRS und other chemokine receplors where [ound 1o be mmereased, Variations m

CCRS and s ligands have been shown i these discases. CCRS was detected om

3



Iymphocyiic cells, macrophages and microgtia in actively demyelinating multiple sclerotic
brain lesions. Cells expressing CURS were high in cerchrospinal fluid. 1t has been suppested
that the CCURSA3Z mutation does not confer protection frem multiple sclerosis, however,
there 15 an association between this mutation and low risk of recurrenr clinical disease
activity, A lale omsel ol disease was shown Tor individoals wath the CORSA3Z allele { Ribeiro

and Horuk, 2005). CCLS expression has been implicated in rheumatuid arthritis.

The linand binds both CCRI and CCRS and thos attracting T cells and nmuonocyvtes
e joints during the omscr of disease. This makes CCR1 and CORS powential candidates
mvolved m the processes that lead 1o rhowmatoid artheetes, 1L has been suggested that the
COURSAZZ muation 15 a genctie marker related to severity ol the disease swith mdividuals
carrving this allele beine at high frequency ol non severe comparcd with severe patients in a
study involving rheummeid arthrites patients (Quinones e al, 2004 Kibeiro and Horok,

2005).

Studies om mouse models have demonstrated an increase in the CCRS ligands, CCL3
and CCL4A in diabetes, sugegesting a role of CURS in the development of type | diabetes.
Diflering results have been obtajined for an association berween diabetes and the CCRSAR?
mutalion. While partial protection [rom type | diabetes has been suggested lor bomozyoous
mdividuals, other studies [aded 1o show any association i paunts witl tvpe [ and 11 disbetes

i[ibeire and Horak,, 20057

There have been studies which show an inlNMuence of CORS alletes and 1he high
alfinity ligand CCL3L!| with susceptibility to Kawasaki diseasc. a svstemic vasculitis of
chitdhood, commen n Asian population with potential infectious etiology. Lising CCRS
haplotypes, it was shown that children with the CCORS5A3Z2 allele were assoviated with
reduced Kawasaki discase susceptibility. [nereased production of CCL3LI as a result of an
tnerease n the copy number of the CCL3LD gene was also associated with protection against

Kawasaki disease (Arenza-Seisdedos and Parmentier., 2000)

In chronic inflammation such as endometriosis, no assoclation was tound for the



CCWAARE pelymuorphizm, A crucial role of CORS has been shosen me the regulation ol
mAne response arainst West Nile Vieus (WNY) 0 mice, [nfecton by this virus causes
cucephalitis in several organizms ncluding man and was shown o wduce an merease in
the expression of CCRA and s lipand RANTES (CCLA) (Lim e o, 20060 Glass er wl
20030, Glass and Co-workers showed that genetic disruption of CCR3 greatly reduced
accumnulation of CUR3-expressing WK cells, macrophages and €D47 and CDE' 0
lvimphocyies in WKV intection in mice. Their study suggests thal CURS may be protective
against WNV inlection and raised the possibility that individoats with the CORSA3Z
wmutation may be at high risk of the diseasc. Consislenl with this suggeston. a lollise up
study by these authors analyvsed samples from WY infected and control paticnts [rom twa
different US states (Colorado and Arizona). Even though the CCRSA32 homozygousity
was 1% ol a contral group e healthy U8 Caacasians, 4-8% of symptomatic WNY infeetian
in the stly were homosyzous for s allete, There was indication of incrgase death i the
CORSAZ2 homozygotes particularly in the Arizona craup, Their result confirm that wild

tvpe CCRS mediates resistance o symptomalic infection with WNY.

Aparl rom its crucial role in WXV infoetion, no known medical condition bas been
assoviated with lack of CORS or reduction of the receplor { Zimemenman ef of, 1997 Liu e ol
19967, This may be due 1o the fagt that many her chemokine receplors are present in the
body thut curt perform the same function as CORI (Caminglon ef af, 19970 Premack and
Schall, 19963, Swdies on the CORIASZ mutation underscore the need lor CCRS amagonists
which could be therapeutically uselul in many elinteal shuations, ul the same time
pharmaceutical companics should assess the potential stde elfects of these anfagonists with

respect 1o WXV infection,

1.1 Structure of CORS

CORS has the same primary strocture as other GPCRs, in the rhodepsin family.
Madels bascd on the erystal struclure of thodopsin bave provided an jnsight mto the
structure of other receplors in its family however, local structural motits like those seen m

rhodopsin helices that contain glyvcine and proling need 1o be re-examined in the context of
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CCRA Theoreneal GPCR models, site dirceted mutagenesis or molecular modetling
techniques hive been successtully used Tor structure validation, determienation ol lizand
hinding sites and formulation of hvpothesis on the mechamsm of receplor actvation
(Paterbing, 2002, Fane er e, 2006). A model of human CORS was bull by Fane and
collabovatars using the erystat structure of bovine rhadopsin. This hamology-built CCRS
mode! was validated rthrough exhaustive comformational sampling and 11 quahty and
reliability assessed by analyzing four low-enerey conformations relating to avatlable

muragenesis data (lano e af . 2006).

In addition 1o the seven helices that traverse the membranc, CCRS has an cighth helix
formed at the C-termimal ot the receptor. A fourth intraceltular lovp 1s also formed when
the C-terminal is palmitovlated af oyvstein residues (N e of. 19983 Even though the
sequence Jdentily between CCRS and boving rhedopsin is low (<20%0 when considering
only the transcembrane hehees. sequenee identity ingreases o approximateby 30% wid
CCRS architecture and lunction are maintained by residucs that are conserved among Lhe

rhesdopsin family (Fanelli and De Benedeni, 2005
1.4.1.1 The Extracellular Domain

The extracellular domain consists of the N-terminus and the three extracetlular loops.
There 15 close proximity among the extracellular domains which may be due 1w the
presence ol cysternes, The role of evsteines in GPCRs has been studied and shown o be
involved in disulfide bond Tormalion necessary 1or maintaining the intearity of the receptor
which gives a stroctoral contormation that altows for ligand binding (Blanpain ef /.
1999k),  Two conserved cysteines at the Tirst and second cxtracellufar loops (LCL and
ECL2y of GPURs form a disulfide bridge that appears to be important for packaging and
stabilization of the seven transmembrane core (Stantchey and Broder. 2001 Two
additional eysteines are present in chemokine receptons, located n the M-rernunal domain
(0 and the third exreacellular loop (ECL.3) and have been shown to form disatfide bonds
which provide additional structural constraint contributing 1o recepror stahiliy  and
conformation,  Alaning substituiton of any ¢yvsteine on the extracellular domain of CCRS

resulted in decreased cell surfage expression and comptete loss of chemokine binding
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(Blanpain e of . 1999b). In addition 1o these disulfide bonds. Lee et al showed. ustng
meonoclonal antibodies that [vs1 7] and Glul 72 form part of a bridge between extracellula
loop 2 (ECLZ} and another extracellular loop, with ECLI being the most likely camndidate
(lee e al. 1999). Consistent with this, the mode]l of Fano ef af (20063 showed a salt
hridge between Lysl71 and Asp93 and hydrogen bonds between Glul72, yrl84 and
AsnZ73 a8 well as berween HisI81, Lys191 and GInl86) (Fano er el , 20061, “I'he charped
or polar side groups of Aspll, Tyvr 15, Glul8, Lys22 and Lys26 ware praposcd to be
mvolved in hydrogen-bonding (side chains of Aspll and Lys26, Glul8 and Lys22,
phenoxy group of TyrlS and Lys26) amongst themselves or m-cation interactions, the
tarmer suggested to be MCECSSATY Jor maimlainimg the N-terminus of the recoptor in a stablc
motif for subsirate recognition (Funo ef ol , 2006). CCRS is posttranstationally moditied at
the extracellular domain by glycosylation and sulfation. Serd and Ser7 at the N-terminus
were shown to be O-glyeosvlated in eell lines arel in primary macrophages, The ¢ bglycans
were shown to be important for MIP-1a and MIP< 13 binding 1o CCRA but their absence
had mimmal effect on THV-1 entry (Banneet ef af, 2001). A Tyrosine rich region is
present al the N-terminus of the receptor proximal 1 the first evsicine which are critical for
HIV co-recepror activity and chemokine imicraction (Farzan et al, 1998). These tyrosines
have been shown to be cneymatically sulphated in a stepwise manner with Tyrld and
Fviel3 being sulphated first lollowed by Tyrl0 and linallv Tvr3 (Seibert er af . 2002). The
sulphate moictics were demonserated 10 contribute to the ability of CCRS o function as an

HIV-1 corceeptor sinec tyrosine sulphited peplides based on this CCRS domuin could

reduce V-1 entry and alse less efficiently block MIP-1a association with the receptor

{larzan et el 2001:  Yarzan  er @, 2002:  Scibert e ol 2002).
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Figure 1.5: A two-dimensional model of CORS The soucture depicts the N-teromminal. the
extracellylar loops (13CL), the seven transmembrane helices (TMY, the intracellular |oops
(ICL) and the intracellular C-erminal of the co-receplor. The most conserved residue for
cach TM domain |used for consensus numbering by the Baliesteros scheme (papel0} is
indicated in black with its concensus number indicared and the residues studied in this thesis
are indicated in dark greyv. Amows pointing 1o residues al the N-terminal depict tyrosine
residues dhat are imvolved in sulphation while arrows poining © residues al the C-terminal
are cysteine residues invalved in paimitovlation. ‘The four servine residues at the C-termingl
(white ) indicate phosphorylation sites while those al lhe N-terminal are glvcosviation sies.

1.4.1.2 Transmembrane domain

Ihe ransmembrane domain of CCR has been demonstated o be important for the
binding of the small molecule antagonist, TAR? TS (Dhragic ef of., 20003 1t was also shown
that the CCR3 transmeimbrane helix bundle interacts with the N-terminus of its chemokine
hgand 1o mediate activation, Hydrogen bond formation, hydrophobic interaction and 7-
slacking arrangemenlts have been shuwn among residues in the transmembrane domain of
CCRA. [n the low-cnergy conformation study by I'ano and collubarators, the phenoxy
group of Tyr 108 was shown to be hydrogen-bonded o the carbuxy] sroup ol Glu2835

which also interacts in a face-to-Tace m-slacking arrangement wath the aromatic ving of Tyr
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251 (Fano er al. 2006). These three residues were previously shown to be vital in
conferring CCR3 its biological role as an HIV coreceptor (Dragic er al. 2000).  The
carbosy| group of Glu283 also concurrently hydrogen-honds to the side chains of '1hel 77
and Ser179 in ECT.2 with the Jatter ohserved 1o he facing a negative charge,  The hydrogen
hond interaction hetween G283 and the LCL2 residues Thrl 77 and Ser | 79 were shown to
be retained after a side-chain flip while its jnteraction with Tvrl08 was castly broken
sugpesting an 1'CL2 conformation thar is consisient with an early activated state of the
receptor during ligand binding. ‘Thus. Glu283 is suggested to be important in stabibizing

the recepior by tightly packing 1™M3. TM6, T™MT and L CL2.

Other structural features that are commonly found in CCR3 include a TAP moud in
the second transmembrane helix i which a signlieant correspondence way shown between
the modulating effcet on the Pro kink angle and belix conformational (lexibiiity by
threoning versus other residues 1 the TXP moul (Govacrts e af.. 2001), In the model of
Fano er of (2006). this malif is situated in g cavity lined with the polar and hydrophobic
residues 1vr37. Trp86. Tvr89, LeulO4, 1he284 and Me287.  An aromatic pocket
consisting of highly conserved residues Phel 09, Phel |2, Phell3 and Trp248 is tormed just
below the cavity containing the TXP motif (Fano e al.. 2006). Govaerts and co-workers
previously showed thar these aromatic residues form part of an aromatic ¢luster that govern
the mechamsm of action of CCRS (Govaerts er of.. 2003). CCRS also feature the NPXXY
motif in TM7 which has been postulated 10 be the major determinant for deviaion of helix

7 from ideal helicity { Fanelli and De Benedew, 2005).

1.4.1.3 The Intracellular Domain

I'he DRY (Asp-Arg-1vr) motif located at the interface between TMS and intracellular
loop 2 is highly conscrved among the rhodopsin family of GPCRs with Tyr being the least
conscrved among these three amino acids (Mirzadesan ef af.. 2003). In CCRS, t was
shown that mutation of the Arg to a neutrsl Asn residuc abrogates actvation of G proteins
and B-arrestin-mediated chemotaxis (Lagane of of , 2005 Venkatesan and collaborators

working on tae C-terminal tail of CCR3S defined three structural requirements in this region
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which are nccessary for cell surface expression — the length of the C-tail, 3 membrane-
proximal basic amino acid rich domain and cvsteine cluster (Venkatesan ¢f af . 20011 The
Ccrmmus  contains  further  structural motits  which are <ither  palmitoviared or
phosphorylated.  Palmitoylation of the C-terminus of many GPCRs has been suggested ro
provide a membrance anchor 1o the C-terminal domain and creates a fourth intracellular loop
(11 er ol . 1998: Blanpain ¢f ul.. 2001). In CCR3. palmitoylation of the C-terminus occurs
at cysteine residues and was shown o be important lor ntracellular trafficking of the
receplor and for ity coupling 1o some of its signalling cascade (Blanpain ¢f wf., 20011, In
addition, almine scanning mutagenesis studies on C-lerminal serings. threonmes and
tvrosines have identificd serine residues al positions 356, 337, 342 and 349 as the exclusive

phosphorylation sites (Oppermann ef al., 1994).

1.4.2 CCRS as a chemokine receptor

Like other G protein coupled receptors. CCRF s tnvolved in signal transduction via G
protems, Originally, CCRS was chavacterized as a receplor that responds o and [unctions
physiologically as a receptor for the B= chemokines, LD78c (MIP-1e/CCL3), MIP-113
(CCL4) and RANTES(COLS) (Guignard er al. 1998; Wang e «l. 1999; Kraft e al.,
000y, Many more CC clwmokines (LD7RRCCLSLL, MOP-1ACCL2. MCP-2/CCLS,
MOP-37CCLT. MOP-4/CCLIA and eotaxing have been shown o interact with CCRS with
dilferent altimities and abilities to activate the receplor (Muciler ¢t al, 2002; Blanpain et al,
1999; Rutfing et al, 1998). 1.D78B. MCP-2. and MCP-4 are full agonists since they were
shown to cause an increase in intracellular calcium in cells transfected with CCRS. MCP-3
is an antagonist since it was able 1o bind CCRS with high afTinity bul could not induce any
significant response and was also able to inhibit activation oif CCR3 by MIP- 15 (Menten el
al, 2002; Mueller et al, 2002: Blanpain <t al. 1999, Ruffing el al. 1998). The C'C
chemokines that have been shown to interact with COR S can be divided into two subzroups
based on ammo acid identity, MIP-la, MIP-1[% LI78R and RANTES which are full
agonists form one subgroup while MCP-1, MCP-2, MCP-3 and MCP-4 which share 6U%
aming acid identity within the group and appreximately 30% identity with MIP-Tog, M1

14 and RANTLS torm another subgroup (Mueller ¢f al, 2002),
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Birnding of CCRS t0 a chemokine ligand imitiates a number of events: firstly the
association of the receplor with heterotnmerie G protems leading 1o activation of the G
proteins which in turn leads to activation of signaling such as calcium 1lex secondly,
phosphorvilation of the receptor by a family ol G protein coupled receptor Kinases {GdRs)
leading 1o assocition of the receptor with arrestins and desensitization throush uncoupling
of receptor and G protein (Kraft e of, 2000). Funetionmg as adapror proteins, [3-arrestins

may also lead o receptor internatisation by facilitating ciathrin-mediated endocytosis

1.4.3 Ligand binding to CCRS

The structure Iimctiom relationships of CC chemokine receplors and their hgands in
general have not been well studied. 'I'he multipte iigand speciticity property of some
chemekineg receptors is indicative of the existence of a common structural moetif with which
chemokines fit, I'here have been little evidence e suppoet the coneept thar despite abvious
sinmlarities in primary and three dimenstonal strocture of the chemokine hgunds, they
interact with their respective receptors in different ways {(Samson ef af. 19971 Even
though different structural detcrminants on CCRS appear 1o be required by the three major
CCRS chemakine ligands (MIP-1a, MIP-10 and RANTESY all three ligands interact
apparcntly in a similar way with the receptar {S8amson e af, 1997). A muodel for
chemokine binding to CORS propases a two-step mechanism which mvolves an initiul
tteraction between the core of the chemoking and the cxposed amino tenninhat recoptor
domain and the association with wregions betomging to the secomd extracetlclar loop of
CORS (Samson e of, 1997 Oppermann, 2004).  The free W-terminal domain of the
chemokine  then interacts with the transmembrane helix bundle which then friggers

activation ol the reeeptor (Blanpain of ef,, 2003, Govaerts ¢ af., 2003, Oppermann, 2004 ),

Of all the CURS-binding prodeins, MIP-1§6 15 unique sinee it has [ithe or no function
ot olher receptors making i1 possible 1o understand the structural features responsible lor
CORA binding. In trving b3 determine the CORS binding determinants ol M- 1{, Bondue

and collaborators generated vatiants of MIP-1[3 with mutations that changed the charge,



size und H-bonding propertics of 1the side chains within the N-loop and the - urn and
they found that three baste residues (Arel 8. Lvs14 and 1.¥522) contributed 0 the CCRS
binding of MIP-1[} by interacting through their positive charge. Pro21 locared within the
Fya turn was also shewwn to contribute to binding of MIP-115 to CORS {Bondue el ul. 2002),
A major role of the aromatic side chuin ol Phel3 i the Neloop of MIP«1[ and basic
residucs (Argdh and Lysd8) in the so-called “40°s loop™ in CURS binding has been

demonstated {Lawrence ¢l al. 2000 Bondue el o, 2002).

Linlike MIP-1[3. MIP-1ae (1.1Y78c2) has been shown e bind other chemokine receptors
in addition to CORS. Lvidence of the existence of an iseform of MIP=1c has been obtained
hakao er al, 19901 This isoform which has a 94% scquence similarity with 1L.D78.
differing with only threc smine wcids bas been designated 1.D78) und has been
demuonstrated Lo be the most potent nitural CCRS agonist that has been described (Menten
ef el 1999, A prolime residue al position 2 o) the nidre LD78[ protein was shown o be
responsible for the enhanced potency of LI7R[} (Nibbs er af. 1999). Additional studies ol
the N-feeminus of this profein using alunine substitutions revealed that Asp6. 1'rof and

The® in addimon 1o Pra2 are eritical for | D78 binding to CCRS {Mivakawa of af, 2002).

RANTES s alse a ligand for the CC chemokine receptors CCRIL. CCR3 and CCR3E.
Severtl modilicatons of the amine terminal ol this protem have been shown to produce
proteins ob dilferent aflinities for CCRS, from full agonists through w Tull antagonists, A
truncation ol thes prarein by deletion of the first cight amine acids was shown o pricluce @
protein that could neither mohilize caleium nor induce chemotaxis vig CCRS (Zhang and
Rollins, 1995). Coupling of a five-carbon alky! chain 1o the amino terminus of RANTES
vin an oxidized serine residuc bas been shown to confler this prowin with a (ull agonist

property on CCRS (Proudloot ef af, 1996 Simmons ¢f g 1997).
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1.4.3.1 Structural features of CCRS important for chemokine binding

Scveral different approaches have been used o defing the parts of CCRS that are

nportant for lLigand binding.  ‘lhese approaches include site-directed mutapencsis
antibody studics, chimeric receptor studics, molccula imulatrons and agomist and
antugonist  docking Mutagenesis studics have wdentificd  several sesiducs o the

extraccllular surluce ol CCRS ihat contmbute to bigh alfmiey binding.  N-terminul
tuncation and alanine substitution studies have identified several charged and aromaiic
residues that play important roles in chemoking high affinity hindine. Alaning substitutions
of Asp2, Lyrd, U'yrl0, Aspl! and Glul$ and truneations involving the loss of one or more
of these residues [ed to partial or total loss of binding and functional response to
chemokines, No aromatic residue is dircetly adjacent ta Glul® which 15 a negatively
charged residue at the N-terminus, but it was shown that motation ol tis residue and
Aspl] o alwvine completely blocked RANTES hinding while alanime substiiution of '1'yvrl §
was shawn to deerease MIP-1a bding (Dreagic e af. 1998: Farzan et of., 1998, Blanpain
ef il 19994), Thiy resull mdicales the nmportance of the negative 1.'|1.'J.|'a_!-.:~ of the Gy and
vsp and the polar group ol the 1 yr in ¢hemokine binding.

Fyidence lrom antibody studies implicates the second extrucellular loop ol CCRS as a

principal binding element for RANTES. MIP-1a and MIP-13. An antibo v to 1he second
exteaecllular  loop (2D7)) was shown 1o inlubit binding of these chemukings

whereas monoclonal antibodics recognizing the N-terminus were ineffective (Wu ef af

r

19497). Consistent with these Nndines., Les ef of {1999} in MAppIng the "I..LP St thicibies

of I8 CCR3 monoclonal antibedies identificd

three different groups of antibodies
antibodics that bound to the N-terminal epitope. those that bound Lo extracellular loop

(ECL2Y epitopes and those that bound to mulusle domains on the extracellular surtace
fmulu domain epitopes). They showed that mAbs to UCL2 were more eftective ar blogking
chemoking binding than Loy binding whereas mAbs to the N-termunal domain were more
cffective al blocking up 120 hinding with Iittle elfect on CCR3-chemukine interactions (e

ef afl, 1999),
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Youn and collaborators working with CCR5/CCR] chimuras showed that TM7 plays
a critical role in MIP-1[3 binding and highlighted the role of Mct187 in the hinding alfinity
for MIP-1P3.  LUsing CCRSCCRI chumcras (these receptors both bind MIP-la and
RANTLS with high altimty but onty CCR3 has high affimity for MIP-18 and CCRI1 has
high affinity for lcukotactin-1. They demonstrated that the receptor with a CCRS buckbome
having its seventh transmembrane domain replaced with that of CCRE showed impaired
signaling ability and hinding afinity for MIP-1[3. They also showed that mutant chimeras
with CCRS Mctl 87 residue restored in I'™M7 showed partial restoration ol function {Youn

ef afl, 2001,

1.4.4 CCRS activation and signalling

Figand induced activation of receptors tead w receplor-Gi protein association resufting
in activation ol signaling, phosphorylation of reeeptor which subsequently fead to
association of arrestin with the receptor and desensitization {Muclier er «f , 2002), The
mofecutar mechanisms that underly the transitions between the mactive and the active
conformation ol GPCRs highlight an imporant role plaved by the highly conscrved E/DRY
molil located between TM3 and the seeond imtracellular loop. This highly conserved DRY
sequence motil in the second intracetiular loop of CCRS has been mmplicated in G protein
micraction. Mutation of the first residae of this motil save aponist-independent activation
m numerous receptors while mutation of the Arg residue generally unpairs G protein
dependent signaling (Lagane er af, 20035). Mutagenesis studies on the Arg residue show
that some of the structural determinants needed for CCRS-mediated aclivation of G
protcins are also required for B-arrestin modiated chemotaxis but not for receptor
desensitization and internalization.  Mutation of the Arg residue was shown 10 block
activatton of G protem and chemokine dependent activation of classic secordd messengers,
infracellular - calcium  flux  and  cellular  response  of  chemotaxis  bul  preserved
phosphorylation and interactions with [J-arrestins for endocvtosis. B-arresting are involved
in CCRS-mediated chemolaxis bul this pracess is abolished when Arp-126 s mutated
(Gosling ef al, 1997} Activation of CORS causes activation of the pertussis loxin

sensitive Ci family of G protein, a process that involves exchange of bound GDDP for GTP,
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This lcwds 1o the dissociation of the Ga subunii of the G protemn from the Gy subus
(lFarzan ef af, 1997h).  Activation of the Gi pritein by CCRS causces inhibition of the
adenvlale cyclase pathway, In this pathway. the CGIP-bound Gad inlibus te activity ot
adenylate cyelase thereby inhibiting the production of eyelic AMP (eAMPY resultimg
itracellular ¢aleiem mokilizaton.,  Production of inositel-1,4.5- trnphasphate (1P and
dreytglveeral (I2AG) has been associated with activation of phospholipiuse O (PLC)
activanion by the Gliy subumit. 1P binds 1o s specilic receplor in the endoplasinic

15

reticulum o mobilive calcoium (Mcllado e af L 200

RANT

Adenylare
eyvigse
et L

¢ DP

chemotaxis

Figure 1.6: CCRS activation and signalling via G profein: Boeling of RANTES to CCHS
leads o activation of the receptor causing an exchange of GDP for G 1P by the o subunit
(Ciet) ol the G protein and dissociation of G from the Gby subunit. The GTP hound G
then bind adenylate cvelase inhibiting the furmation of cAMP from AP leading 1w

chemolaxis

v Livpothiesis Las been pur forward on the importam role ol the conserved TXE motit
1 TM2 tor chemokine recepror luncuon.  Using mulavencss studies of the TXP sequence

-

matit Giovaerts er af showed thal an alanine substitution of the proline causes o decrease in

hincing affimity for chiemokines and almost no functional response of the mutated receplton

COn the other hamd, a change from threonine to Val, At Cys or Ser had no eltect in binding




attinity but [unchiosal esponse did depend on Lhe 1ype of side chain substitutton (Govacrts

ef af L 20017,

It has been proposed that conserved aromatic residues do play a rule in the activalion
ol GPURS (Javileh ef af . 1998). This suggested a possible interaction between the second
and third transmembrane domains of chemokine receptors that have high density of
aromatic residucs at the top of these two helices. Govaerts and co-workers myestigated the
effects of these aromatic clusters on activation of CURS by mutating them to their CCR2
counterparts either individually or in combination,  Their experimental and molecular
madelling results domonstrate a crucial role plaved by those aromane residues 1o causing
contormaticnal changes of CORS leading from ligand recognitivn to receptor activation
(Govaerts ¢f e, 2003} These dilferent effects of CORS mulations on binding affintties
ard funetional responses W chemokines highlight the importance of affected residues and

domatns i the funcetioming ol the CCRS receplor.

1.4.5 CCRS phosphorvlation and arrestin inferaction

Studies on the protorvpic Be-adrenergic receptor reveal that, agonist activation of
receptors lead w their pheshorylation which is an essential step in receptor internalization.
Phosphorylation in tum promotes binding of members of the arrestin Tomly, therchy
proventing further binding of G proteins, Like other GPURs, CCRS 15 phospharviated by
twor major classes of protein kinases. O protein coupled receptor kinase (ORK) and protein
Kinase C {PRCY Seven mammalian GRES have been dentificd (GRKI tw 7 bul only
GRKZ2 and GRK3 have been showy to play a prominent role in chemokine induced CCRS
phospharylation (Oppermann f af , 1995 Four distinet serine residues (Ser 336, 337, 342
and 3497 that are located in the C-terminus ol CORS have been shown 0 be phosphoryated
upon agonist binding o the receplor (Oppermann ¢f af., 1999 The significance of these
phosphorylation sites for ability of receptor to interact with [arresting and underuo
desensitization and intemalizaton bas been studicd, Results show that Bearrestin binding
to CCRS and receptor internalization are related mechanisms and both require the presence

of two C-terminal serine phosphorylation sites (Kraft ef ol 2001 Hutcnrauch ef al.



202).  PKO has been shown to exclusively  phosphorvliate Ser-337 while GRKs

phosphorylate Ser-349 (Pollok-Kapp er af , 2003),

Past-translational moditication of G protein coupled receptors by palmitoybation at
carboxy| terminal cyvsteines modify sicnaling n ways thal vary among receplors { Blanpain
ef af., 2001), CCURS contains three carboxyl terminal cvsteines that confurm Lo predicled
palmitoxlation siles and were shown 0 be iovolved n transport of the recepfor to the
plasma membrane and alse stimulation of endocviosis (Blaapain ef af , 2001 Kralt ef af .
2001y, Carboxy] ternunal seone residues bave also boen demonstrated o be eriticalby
imvelved in CORS endocvtasis and a tveosing residue {Tyvr-2971 10 TM7 has been shown 1o

affect CURS sigmaling and aconist induced sequestration (krall ecal, 2001}

1.4.6 HIV-1 co-receptor function of CCRS

V-1 enrers host cells by direct fusion of the viral and targer cell membranes. This
fusion process s mediated by the wviral envelope glycoprotein (gpl60), D4 and a co-
receplor. HIV-1 envelope alveoprotein 1s made up of two subunits, an exterior gpl 20 and a
wansmembrane gpdl. The coystal structure of the core of gpl20 complexed with a two
domain 14 and the Fab fragment of the gpl20 monoclonal antibody that Blocks
chemaokine recepror binding, 17h has provided nsight into the processes of THY enlry
(Kawaong ef of, 1998), The gpl 20 care is made up of folded mner and outer domains that
are coanected by 2 bridaing shect with discontinuous residues from these domains forming
the {134 binding site (Gue ef of, 2003; Plaw e ol 2005) The conserved residues within
the €14 binding site of gpl20 form a decp hydrophobic pocket and imeract with
phenylalanine 43 residue of CD4 (Kwaong ef of . 1998 Gue e ol 2003). CCRS s the
major co-receplor involved in the HIV-L fusion process. Residues in the gpl20 bridging
sheet which is compesed of conserved region 4 (C4), the VEV2 base and the V3 loop
comprise the co-receplor binding site (Kwong ef af, 1998: Platt ¢f af. 2005 Etficient
binding ol CCRS 1o gpl 20 is highly dependent on the presence of the V3 loop. Sotuble
subtype B gpl20 binding 1o CCRS has heen shown (o reguire two functionally distinet
regions of the ¥3 loop, the stem and the crown, with the crown alone determining  co-

recepror specilicity of the virus (Carmicer and Dragic, 20023 Thos the corrent maodel of

44



HIW-1 vo-receptor usage suggests thal the V3 loup of gpl20 dictates the choice of the co-
receplor while the conserved bridging sheet residues contributz Lo binding contacts with the

varceeptor (Suphaphiphal ef af, 2005).

Stuglies om structure-function relationships have not been able to clearly map out the
distinet domains of CCRS which are essential for fusion of HIV with host cells. Scveral
different studics (including mutagenesis, chimerie and antibody stadics) have boeen carricd
out to clucidate the region of the co-receptor Invalved m envelope interaction. Despite the
complex and contradiclory results, there 1s greater evidence which suguests that Lhe
cnvelope probably makes initial contacts with the extracellular regions (Berger e af.

1999),

Mutagenesis sludies on the N-terminal domain of CCRS have identitied szveral
charged and aromatic residoes which were found to play important rolzs in both chemokine
and Loy high affinity binding.  These residucs include Asp2, T3, Tvrel0, Aspl[ and
Glul B {Blanpain ef af, 199 Lee of o, 1999}, Inone study using menoctonat antibodies
directed apainst the extracellular regions of CCRS, the authors found that the N-erminal
imAbs recognized specitic residucs that span the first 13 amine acids of CCRS while almast
all ECL2 mAbs recopnized 've-189 10 Phe-189, Residue Lvs-17t and Glu-177 a0 ECL2Z
were recognized by all mult domain antibodics.  These results suggest the importance of
the N-termumal in Eov binding and the extracellular loops i inducing conformational
changzs in Lnv rhat lead to membrane fusion and viral infection (1.ze ef of, 1999). Dragic
and cotlaborators alse working on charged residues in the N-erminal of CCRS found that
atanine substitutions of Asp2, Aspl[ and GlulR either individually or incombination,
reduced ar completely blocked entry of the M-tropie HIV -1 strains, ADA and JRFL and the
dual tropic strain, DHI123. They also demonstrated impaired gpl20-CCR 3 interaction [or

these mutants {Drasic ef af . 1998).

It was shown thal a tyrostne- vich region 10 the N-termious of CCRS is impoertant for
HIW-1 entry W host cells and mediates association between gpl 20 and CORS (Farzan ef af
1998). It was later shown that sulfation of these tyrosine restdues vould facilitate

clectrostatic interactions with positiveby charged residues o Lhe bridoimg sheet and the base
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of the V3 loop, thus tyvrosine sullation 15 an optimal requirement for HIV-F corvecptor

function (l-arzan ef al., 1999; Scibert ef al . 2002, Lusso, 2046},

Chimeric study of extracellular loop two indicates that residucs berween Gly 173 and
I.}'fi"“l'lf.]?':l which contain six residues that are diverpent between the e und the
mouse CORS play a eritical role in the Interaction with covelope glycoprotein (Navenol ef
al, 2001). Inmeraction between HIV-1 envelope and CCRS is not only complex hut iy alss
sunject 1o marked HIV-1 isolate dependent variation. Bieniasz and collaborators penerated
humanCCRS‘mouseCCRS chimeric co-receplors by individually substituting the tirst three
extraccllular domains of humanCCRS (1D in a mouseCCRS (M) context (HIMMM,
MIIMM and MMIDM).  They co-cultured these construets with cells expressing the M-
tropic V-1 isolates (YUZ, ADA and Bal), the dual wopic isalate. 89.6 or the I-tropic
isalate 1113, They found that whereas some HIV-1 strains could chectively uilize
chimeras contaming any single human extracetlular doawain, others require any two and
still others could only interact in the presence of three humao extracellular domains
(Hienigsz et af. 19973 In another study by Rucker and co-warkers. it was demonsirated
using CCR3/CCR2b chimeras and chimeric mutants that the first 20 amioo acids of CCR3S
N-terminus in a CCR2b receplor could support eovelope tusion.  Further analysis of this
chimera revealed that residucs Asp2 1o Vald were important for M-fropic viruses while
Serh - [1¢9 were important Tor the dual tropic 89.6 virus {Rucker et af,, 1996). Antibody
sicdies on CCRSACCR2b chimeras have also demonstrated the importance of the N-
terminus of CCRS In HIV-1 imfection (Wu et af, 1997 Other chimeric studies involved
the trtroduction of the first twenty amino acid residues of CCRS 1 other chemokine
receplors. in particular, CCR1, CXCR2 and CXCR4, The chimeras were tested for their
ahility 10 mediate tusion of the M-tropic isolate JR-I'T. and the dual tropic viral isofale,
89.6. Results show that the N-terminal domawn of CCRS in the context of these other
chemokine receptors results in their ability to mediate Tusion by both isolates (Doranz er

df i l"'t'i;'d:’I ).

Comparing gpt20 hinding affinities and infeetivity of RS viruses using human and
Alrican green monkey {AGM) CCRS, Siciliano and collaborators showed that Celyeine 163

is cssential tor the hinding of RS gp120 and mediation ol infection by RS isotaes, These
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two receptors ditfer at position 163 with an Are for AGM and a Gly for the human CCRS
receptor. AGM CCRS lacked co-receptor activity but mutation of R163 to G163 confers
co-receptor activily while mutation of heman CURS Trom G163 to R1AG3 aborts activity
(Siciliano ef of . 1999), Other single mutations across the CCRS protcin have shown
varying elfects on HIV-coreceptor function.  Blaopain and co-workers showed lower
hinding of gp[20 Jor R60S. AT3V and R2230Q mutant CCRS duc 10 Jow expression, They
also showed partial co-receptor activity by CIT8R (Blanpain er of ) 20001 Loss of co-

receptar function was demonstrated for T12T and C208 (Howard ef al . 1999}

Tagether, mutagenesis. chimeric and epitope mapping analyses have revealed the
impaortant role of the extracel lular domains of CCRE in it co-receplor funclion but the rote
of the transmembrane and/or cvioplasmic regions cannel be completely ignored.  These
regions ol the co-rcceptor also ceriticaily influence activity, probably hy affecting display of
the exiracellular regions (Bereer ez af. 1999), Though each extracelluiar region has been
implicated in co-receplor Junction, several studies have surgested o particular important
role of the N-terminal segment (Blanpain er all, 1999h: Lec ef ol 1999 Picard ef af.,
19971 1herelore the N-terminal domain mavhe mare important for gpl 20 hinding whercas
the cxtracellular Toops arg Important for mducimyg conformalional changes 1 cnvelope that

lead 1o membrane Tusion and yviral infeclion.

1.4.7 Naturally occurring mutations of CCRS

Several naturatly oecurring mutations across the CCRS receptor have been studied for
their effects on receplor and co-reeeptor function. The mest widely studicd CCRS mutation
is the CCRAIAZZ mutalion discussed on page 20-21, Carringron and collaborarors identilied
sixteen CCRS mutations three of which were silenl mutalions populations of different ethnic
ariein (Carrington er af. 1997} In the search for functional conscguences ol these mutations.
Blanpain and co-workers showed thal muwatons invobving cysteing residues at the
extracellular surfuce and a Irame shift which resulted in a modilied end of TMT and the
absence of the C-erminal resubted in poorly expressed receplors (C205, I'5299) or no

cxpression at all (C101X. CTI78R ) as a resull of intracellular trapping (Blanpain e aof, 20003
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208 which discupts the disultide hond linking the N-terminal to extracellular laop 3 (1CL3)
did net bind nor respond functionally to chemokines (Howard ef of , 199% Blanpain er of,
2000, This mutation was observed in less than one pereent in Caucassians and absent in
Alrican Americans {Carrington ¢f of . 1997) C1O1X which truncates the receptor to just two
transinembranes behaved lihe the A2 mutant with ondy four transmembrancs,  They beth
showed neither chemoekine receplor nor HIV-| co-reeeptor funetion, A less than one pereent
[requency ol this mulation was observed i African Amcricans, An alanine o serine
mutatton at the N-termiml (A2951 showed similar expression as the wildtype receptar bt
lower Binding and impaired functional response to MIP-1[ oo luncuonal response to MIP-
Lo it could bind and respond 1o another CCRS lgand, MCP-2 sugoesting that dilterent
chemokines can inforact with different residues ol the sume receplor (Howard of of  1995;
Blanpain e of, 2000% This wutation had a 1.5% fregueney in African Americans
(Carrington ef af ) 19973 A moderate decrease in functional response to MIP-1 B with no
change in hindiog atfinily was ohserved for a ThM mutation, L3530 while 1421 and AT3Y
both showed simtlar responses and allimities o MIP-1T B as the wild type recepter (Blanpain
ot af . 200000, Both the 142F and the A73Y mutations were at less than 1% In Caucasians but
absent in the African American population. The frequency of the L33} mutaton i
Cavcasiaons was about 4% while it occwrred in less than %% 1 the African American

popilation (Carrington of gl 1997

A paturally oceurring mutatton in the lirst intracellular Joop of CORS (RA0S) has
been proposed to bave an analogous effect on receptor expression as the REYC mulation of
the Duffy receptor which conlers protection against malaria (Carringlen e of o 1997
Tamasauskas ef el 2000 L The REIC mtalion was shown o cause a 3-fold deerease in
expression of the Dufly reeeplor in ransiently transfected cells, Replacement ol the
aruinine restdue with a number of different amino acids showed that only a Tysine
substitution was fully expressed as the wild tvpe receptor. This implies that the posiive
charge at this pusition is tmore impertant for expression than disullide bunding, Studics on
thiz mutation (R60S) show that the recepior 15 less well expreszcd than wild type CORS . an
cxipression that was associated with reduced CCRS receptor and co-receplor [unclion
(Blanpain ¢f of, 2000 Tamasauskas ef o, 20003 Simitar 1o the resull ol the Dully

receptor, only a substitution with a pesitively charged lysine was able to rescue surface
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expression to wild type (R60 levels (Tamasauskas er af, 20010 A 1% [requency of the
R&0S muration was ohserved in Alrican American population (Carrington et al. 1997}
Other naturally oceurring mutations that have been studied include D21 {(Floward e il
1999, 1121, R223(), 82150, G30IV, R3340, R335V, Y339F and a K228 delevon
(Blanpain ef af, 20003 Dong er af . 20013) with varying cffeets on expression, chemaekine
recoptor and 11V co-recepror [unclions. The R2230) muotation was observed in 1.0% of
Caucasiuns and as high as 3-3% In Asian pepubnions. [L oceurred in fess than 1%
African Americans, More than 2% of the R333Y and Y339F mueions oceurred i the
Alrican American population, (Carringron ef af . [997) A CORS-B93(-) muation invoelving
a single nucleotide deletion which produces o CCRS with no Cterminal tail was observed
m Asians (Ansari-Lan ef ol 19971 Analysis of this C-erminal defective CCRS showed
Ul exprossion on cell sorfuce and HIV-1 coocceplor activity wore impaired  bud
iracetlular vxpression was comparalile 1o that of wild type CORE. These results supgested
a possible defect in inracellular tralficking ol this muownt reeeptor and possibly afleets

L1 rransmission (Shioda er gl 200H
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Figurel.7: CCRS mutants and wvariants. The transmembrang organization ol CORS 1y
schematically represented, MNaturally oceurring CCORS vanants which lave beon tested
funciiomally,  are represented. AKZ8F mdicates thw deletion of a tull codon, The
palmatoylation and phosphorslation sites by the G protein-coupled receptor kinases are
indicated. as well as the two disulfide bonds linking together the extracellular donuans of the
receptor, Mutations circeled in orange result m underectable expresston ol the receptor due to
major Tolding and trafiicking defect, These murants are entively nom-functional. 'L he mutants
circled in bhue are very poorly expressed at the cell surface, and both e receptor and co-
receptor funetons are stronely rmpaired. Green curetes highlight variants that affect ¢ither the
rharmmcolosy of the receptor ( AZ950 or it mternalization (A008). e other substitutions do
nol seem to allect stgntlicantly the tunction of CCRS. The populations in which each
deleterions mutation s predominantly observed are mdreated with an estimate af the
frequency when available (reproduced from Arenzana-Scisdedos and Parmentier., 2006},

(iher CORS mutations that have been fowl nelude the K26R in Asian population
which displayed normal wild type tunction and the GIO6R which was also reported 1o be
deficient in redering cells pernussive for HIY entry {Arenzana-Seisdedos and Pannemtier
2006). A eystetne o phenyvlalanine mutation at position 269 which disrupts one of the
extracellular disubiide bonds was also shown to be poorly exprissed. was not able o hind or

functionally respored 0 chemaokines and had a redoced co-receptor function.



1t bas been hypothestsed that variations in the promoter region ol CCRS muay have an
cfteet on AIDS progression. This may be due to the iact that this region controls the level of
CORS expression al any given time. A number of CURS promoter mutations and their
correlation with HEY inlection and AIDGS progression have heen deseribed. An alanine to
glyeine mutation (39029 base pair, Genbank 17195626} found in the first mtron of CCRS has
Been associaled with disease progression. Homosvpous wildtvpe (A7) imdividuals were
reporled (o progress rapidly Lo AIDS in the absence ol the CORSA32 or the CCRZ-641
mutations (MeDermott et al., (998) 1t was shown that there was a reduced transcriptional
activity lor the promoter region encoding the 5$029CG variant which was associated with
lower CORS expression in PBMCs {Arcnzana-Seisdedos and Parmentier.. 2006; MeDermaott
et al,, 199%), Mummidi and c¢ollaborators have reported a O to T mutation at position 39653
{Genbank LIU5626) located in intron 2 of CCRS. This mutarion was found in 100%% linkage
disequilibrium with the CCR2Z-641. Because the CCR2-641 mutation = protocetive, it s nat
cortain it protection in individuals with this mutation is coming from the CCR2 mutation or
[rown the CCRS promoter mutation.  Cher mutations identificd in the promoter region of
COTS in Cascactans and Alrrecan Amerncans nclude ASETSSG, GSRO34T, 593537,
C59356T and ASDH02G (WMummidi ef of., 1997 Mummidi ef o, [998; Carringlon ef /.
19949%, FPhese mutations and the Gwo pramoter mutations described above distinguish Gour
common promoter alleles designated CCRIT L, CCRSP2, CCRSP3 and CCRSP4. These
alleles were observed at frequencies of 0.56, (LORS, (.04 und 0.354 respectively in

Caycasians (Carcinglon of ef , 1999}

1.6 CONCLUDING REMARKS

The recognitton that CCRS is the molecular factor lhat mediates entry ol the
transmittcd macrophage tropic strain of HEV-1 came Crom the discovery of a mutant CCR3S
allele that has 4 32 buse pair deletion in eegion of the open reading frame cncodmg the
sceond extracellular loop (CCRS A32). This deletion mutalion causes a (rame shell and a
premature stop codon i the fifth transmembrune domain of CCRS giving rise to a

truncated protein which 1s not cxpressed oo the cell surface (Berger er o) 1999} and thus



protects against HIY infection. Population studics of the A32 CCR3 mutation reveal that it
is most commen in caucasian individuals of Lurope and the United States and absent or
very race in black Africans, Japavese and Vevezuelan populations (Broder and Collman,
1997 Petersen ef «of . 20013 Several other mutalions of the CCR3S gene do oxist, bur are
less commaon than the A32, Some of these mutations have been studicd i vitro and their

cflcets oo co-receptor function detenmined (Blanpatn ef o, 20060).

Analvsis of mutant receprors in recombinant svstems can lead to better understanding
ol CCR3 recepror functton and indicate the susceptibility of carriers to IV intection,
Despite Lthe apparent absence ol the A3Z mutauon m Almcans, there are other mutations on
the CCR3 gene, which potentally prowet against or enhavce HIV entry in the African
population. A single nucleotide polymorphism in the coding repion of CCRS bas been
associated with decreased disease progression [rom HIV=1 inlection o AIDS in an African
population (Hlaves er af . 20021, These authors showed that o conservattve aning acid
change from alanine to valine at position 335 of CCRS had an allelic requency of 4430 in
slow progressors as opposed to 1716 in nermal and 0732 i fast progressors within the
Adrican and coloured population,  Other murations of CCRS have also heen identified in
the diverse South African population (Petersen of @/ 2001, In this study. 206 HIY
seropositive patients (140Africans, 32 Coloureds and |4 Caucasians) and |70 HHY-
seroncoative contrals (128 Afiicans, 144 Coloureds and 4 Caucastans) were analveed lor
CORS mutations. Siv of these mutarions (1.550), 875, A3Z, R2230Q, A335Y and Y339F)
have been previously reported {Carringlon er of . 1997 Howard er of 0 1994 Blanpain ef
al 2000, Donp ef af, 2003) The L33 mutation was seen in one HIV-1 posttive
Caucastan while the 573 occurred in one HIV-1 positive Alvican. The A32 mutation
occurred at an allele frequency ol 0.033 1n HIY-1 negative Colourcds but was seen o one
HIV positive Coloured and one HIV positive Caucasian. The R2230) mulant was had an
allele frequoney of G007 in negative Coloweds while the ¥339F occurred at a frequeney of
0,008 in Y negative Alticans (Polersen e ol , 200010, As with the study ol tlayves and
collahoralors, 4 high lrequeney of the A333Y mutation was seen in the Alican population
{00259 HIV positive and 0.0 16 11V neparived. 1L alsn occurred in oue HIV positive and nwo

HIV negative Coloureds,
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Seven (D2V, P35S, Y89, LIGTF, 162, R225() and R223 X} wure nove| mutations, '|'he
M2V mutation was seen i one HIV-1 pasitive African and one 111V-1 negative Coloured.
The silent muotation P35 occurred at high frequencics in both Africans and Colowreds
(03 TIV-1 positive and (007 HIV-| negatve Africans and 1,173 HIV-1 positive and
(1L.069 TTTV-1 negalive Coloured) but was not scen in Cavcasians, Y82 and P62 which are
atso silent mutations were seen only in one HIV positive African and one HIY pegative
Coloured respectively. The [0O7F and the R223X mutations occurred together al a
frequency of G007 and 0006 in THY positive and HIY negative Alricans respectively. It
was also seon in one HIY positive Coloured, R2250 mulaton oceurred 1o one HIY neparve
Coloured. Little is koown about the conscguences of these mutations for interaction ol the
CURE receptor with chemokines or HIV-1. Some of these mutations may ultimalely rexult
in structural changes in the CCRS protein, which way atfect interactioms with chemokines

or Y.

Four of the unigue South African inudations lead to changes n the amino acid
sequenge of CCRS thal ptentially alteet the structure of the prolein and will ke sludied in
thiz project, The [irst mutation is al codon 2 (GAT o G171 which results in a non
conscrvative amino acid change from Aspartate to Valine, "The second mutation, at codon
107 (CTC to 'TTC), invalves an amino acid change from Leucine to Phenylalanine, therchy
including an aromatic side ehain, which may have an effect on the strocture and funetion ot
the transmembrane dowain of the CCRE protein. The next mutation invelves a truncation
ol the co-recepror throush a conversion of an Arginine at pasinon 2250GA) w a Stop
{TCGA) and the last, a non conservative amino acid change also al position 225 (CGA) from
arginine to oluramine (CA A (Petersen e al. 2001). Studying these CCRS mutants in vitro
will lead w0 better understanding of molecuiar function of CCRA and indicate the

susceptibility of carvicrs of these aileles to HIV inteetion.

This thesis aims ar investigating the ellects of these lour murations ol the chemokine
receplor, CCRS on both chemokine receptor and HIV- co-receplor function using i witro

methods.
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2.1 Materials

Analvais of the mutant CCR3 reeeptor tunclion was focused om the i vitro study ol
the effects of mutations on chemokine binding, G proten activation, signal transduclion and
IV-1 infecton. Genomic DNA of a patient with bomozypous wildtype CCRS genotype
wits provided by Do Vo Hayes ol the University of Stellenboseh, HOS-C4 and 110S5-C14-
CCRS eells were obtained theaugh the AIDS Rescarch and Reference Reapent Program.
Division of AIDS, NIAID, NIH from Dr. Nathanicl Landan (Landau and Littman. 1992,
Deng ef al, 1996), CI2Thisvn CCRS cells were also obrained through the AIDS Research
and Relerence Reagentl Program, Division ol ATDS. NIAID, NIH Trom De, "Tajib Mirzabekoy
and L. Jaseph Sodraski (Mirzabekoy of of 0 1999) Plasmids enconding rev. tat, and LTR-
luciferase penes were provided by Stephen lenkinson of CdaxoSmithKline Research and
Development, Rescarch Triangle Park, Nonth Carolina. TIEK 293 cells slably expressing the
chimeric G protein, Gogi (HEK-Ggiy and human C13 THER-CLE) were prepared o the
laboratory by Vathiswa Papu, Gugqi contains the Geag backbone with a modilied C-termimul
containing the last few amine acids of the Gai (Knight and Grighattl, 2004; Kaslenis ef o
2005y U151 subtype © envelape eene was from Dre, C Williamson of the |iniversity of
Cape lown and DUEST baculovirus were prepared in the tab by Berhard Fromme.  The
subtype I3 envelope (Y112} was Mndly provided by Lishun So of the University of North
Carolina and subtype €. Mole | in pSVHT was from Thombu Ndung™u and Max Bssex of
Borswana and | lavard School of Public Health, Recombinant HIV-1 1HTH gpl20 (hacy was

from S TBSC. Hertlordshire, UK,

2.2 Primicrs

Primers containing the mutations [or amine acid changes Asp2Vval. LeulU7Phe,
Arg2250 1 and Arg225510p were designed 1o include a silent restriction endonucicase site

and the desired mutations.
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Figure 2.1: Representariou of the positions of the different primers used For
amplilication. The sold herizontal e marked 1-1029 cepeesents the CCRS gene, The
forward arrows represent the difteront sense primers and the backward arrows indicare
the reverse or anli-sense primers.

hCCRS-5: S GOGCGCAAGCTTATGGATTATCAAGTGTCAAGTCCY
T M D Y OV 8§ §P
HindI Il
hCCRS-as: 3 CCGGCCCTCGAG ITCACAAGCUUACAGATATTTCUY
T.

Xbod

hCCRS-D2V-5: 3 GUGUGUAAGCTTATGGITIATICAAGI GYCAAGY
3k MANY O O s 8
Hierdd 111

hCCRS-L107E-s1 37T GTCAAT TG U LAACAGGGTITOIATITIATAGGCY
O BN o F Y B0
Hpal
hCCRS-LENTF-as: 5 AAAATAGAACCCTG TTAACAGT IGACACAITG S

hCORS-R2250)-s: S7CTGET I CHATCOOCAAAATGAGAANGAAGS
e B R € F N L KK

NWCCRS-R2250-as: S CTCAAT I TGGCATCGAAGUAGAG T3’
T
SfaNT

hCCRS-R225X-s: SCTOUTTCOUTUGTTGATCACAGAAGAAGAGHSY
T
Bell
ROCCRI-R225X-as: 37CCITCTTCTTCTCIGATCAACACCOAAGUAGS

Figure 2.2: Primers used for amplification. Dosired mutations aed the stlent restriction
sequances are shown i hold. Arroews below sequences depict the restrictien stic ol the

SNAY S,



2.3 Mutant receptor construction

Wildiype CCRS was amplifiecd by polvimerase chain reaction (PCR) from genomic
DNA ol a patient with homozy gous wildivpe CCRS using a sense primer that contained a
Himd 111 site and an antisense prier contaimng an Xhol site o facilitate sub cloning. The
amplified product was digested with Tlindlll and Xhel (Amersham. NI UISA) and cloned
into the expression plasmid pecDNA 3.1 1) (favitrogen, San Diego. USA)L. Mutant primers

were used for PCR based site-directed mutagenesis. wo methods ol mutigenesis were used.

[ the first method (Dpnl method), primers containing the desired mutation and a
high [tdelity DNA pulymerase (DeepVenl. New Lngland Binlabs, LK) were used for
amplitication ar 94'C for 5 minutes, sixieen cyeles of 94°C for 3 minutes, 55°C for 30
seconds 727C tor 12 minutes, and 72"C for 20 mioutes. Tle product ol the PCR reaction was
incubated with 2ol of Dpnl restriction endonuelease which drgests only methyluted DNA
(New Lpgland 13inlahs) for one hour al 37°C. Five pl. of the digestion reaction was used 1o

transform competent D1TOH cells

The seennd method (hridge PCR} involved twe rounds o PCR. In the first round.
lwo reaclions Were sel up, one using a primer complementary to the 3% end of CCRS
(hCCR35-5) und the mutantantesense primer amd the other using the mutant sense primer und
e pnmer complementary 1o the 27 end of the receptor (hUCRS5-as).  Amplilication was
performed at 93°C for 2 minutes, thiny cyveles of 94°C for 30 seconds, S5°C for 30 seconds
and 72°C tor 2 minuies and a final extension at 72°C for 7 minutes. The products of this first
round of PCR { 1 ul. cach) were usced as template for the second round using pruners that are
complementary to both the 57 and the 2" terminal of CCRS (hUCR3-s and hCCR5-as) and
same temperature conditions us for the first round. The primers were added after five cycles
lhe tragmem generated was digested with llindlfl and Xhol and subcloned nloe
peDNATL I ) and used 1o translorin colpetent DELTGR celts,

Plasmid IDNA was then extracted from resulting colonies using the Nucleobond PCSUO kit
(Machery-Nagel, Duren, Germany) and analyzed asing the restiiction endonugleases (or the

silent sites. Positive samples were sequenced to confirm mutation.
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2.4 Cell Culture

HEK 293 cells were maintained in Dulbeco’s Modifled Fagle's Mediom (1MLUEM)
(Lithco) containing 10%% fotal call serum (PCS)Y (Hivhveld Biologicals. johanesbury. South
Africa). HUEK-Gqi and HEK-CD4 cells were mamlained in DMEM supplemented with 10%
FCS and 200pgfml. G418, TTOS-CDE and NOS-CD4-CCRS were maintained it DMEM
supplemented with 10%%1°CS, 400ue/mL G418 and Tue/mbL puromyvein,  All mammalian
cells were cultured at 37°C and 10% carhon dioxide (COx3 Insect cells (5213 were
maintained at 27'C in TC O3 {Highveld Biologicals) containing 10% 1°0S and later adupted

Lo serom e SCG000 (Gibeo).

2.5 Transfection

Transient transfeciion: Cells were wansicntly transfected using the FuGENEG
reagent (Roche'™. Indianapolis. USAY  For 100mm culture dish {Corning, Cambridge,
USAL G of plasmid DNA and 18] of FuGEGES reagent wore mixed in 68l of serum
free medivm ([MEME incobated [or 30-45 minutes and dilued with HnL of 1IDMEM
| 0%4FCS before adding to the cells. Cells were then cullured Jor approximately 42 hours and

then wsed for assay.

Stable transfection: Two davs alter FuGENEGS transfceuon, sclection antibiotics
were added 1o the medium al Uhe concentration that was found fo kill cells that were not
transfecled. Discrewe eolonics were picked, plated into 24-well cullure plates, propagated and

then characterieed using an appropriate assay.

2.6 Inosito] Phosphate (IP} assay

[ assay was perlormed following the method of {Millar, 19953, FIEK 293 cells stably
expreseing a chimeric G oprotein. Cigi fwhich couples CCRS stimulation 1o activation of
phosphotipase € (Knight and Grigliaii, 2004)] were plated (6 x 107 cellsidish) into 100mm
tissue cullure dishes (Corning, Cambridge, USA)L  Cells were transiently transfeeted with
wildlype or mutant CCRS plasmids and plated into 12-well plates one day laer, The cells

were then cultured overnight a1 37°C in DMEM supplemented with [ 0% FCS buefore labeling
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with 2pCisml of “Tl-myeinositnl {(Amersham Life sciences. Buckinghamshire., England} in
Muodium 199 with 2% FCS. The labeled cells were incubated with [miswell bulfer 1{140mM
NaCl. 4mM KCIL 20mM HEPES, 8mM alucose, 1mM CaCle. 1mM MgCly, 1% BSA,
Phenol red. MWimM [iCh for 15 minules.  Cells were then stimulated with different
concentrations of cither MIP-lo or RANTES {Peprotech, Rocky THIL N1y at 37°C for one
hour. Cells were vsed with 1OmM fonmic acid (ITmlawell)y for at least 30 minutes at 4'C 1o
extract mositel phosphate, Separatton ot inositol phosphate from eell extract was done on
columns with 1ml 1X8-200 DOWEX-| ron exchange restn (Siuma, Hellefonte, 1ISA). The
cohumis were charged with 3ml 3M anumonium formate with thTM formic acid and washed
with 10ml distilled water. Cell extracts were naded on to the charged columns, washed with
10ml Ha0), inltowed by Sml SmM mvoinositol with GIM Jormic acid,  Total inositol
phosphates were ehited with 3ml 1M ammonium formaee with 006 formie acid aito
seintillation visls contaiming 16ml ol scinblation Moid (Zmsser Analviical . Frankiuort,

Germany) and the radioactivity was counted with a scintillation counter.
2.7 Chemokine competition hinding assay

2.7.1 ladination of MIP-1[}

A Taue aliguot of MIP-TH (10ul.. Cyielab [id, Rehovot, [sracl) was mixed wilh
L of 1mCi Na'™1 and 1 3pL of 0.5M phesphate buffer (pi7.4), ChleraminT (101, of
Imgiml. in .50 phosphate bulfer) was added and Lhe resction incubated for one minule.
The reactton was stopped by adding S0ul. of sodium metgbisullide ([mefmL in phosphate
bulier). The reactron mixture was applted on lo a pre-packed G-25 column and eluted wilh
PIS contaiming $ 1% BSA. Fractions were collecled aller every 90sec, Each ftaction (10pL)
was diluted in oa 1100 ratic and counted using a pamma courter, Fractions with high
radioactivity (fractions [0, 11, 12,22, 23 and 24) (ligure 3.3) were lested [or specific binding
lr CORS using thymoeyvte cells stably expressing high amoums of CORS (CH2ThisynCCRE)
Fractions that were displaced by unlabelled MIP-1[i were used for subsequent competition

binding assays



2.7.2 Competition binding assay

HEK 293 cells or TTEK-CD4 cells were lranstently transtected with wildivpe or
mutanl CCRS in 10 dishes. After two days cells were detached from dishes with o Ca™
and Me™" free detaching butTer (5mM EDT A, st JHEPES, 100mM NaCl). pelieted and
restuspended in binding bulier (30mM HLEPES, 1TmMMCaCl: SmM MeCiy 0.5% BsA) Cells
were meubated with lahetled chemokine lipand 1-MIP-1§ (as tracer) (30.000 cpm.
iedinated by the chloramine T methody and various concentrations ol unlabelled chemokine
Ligand (MIP-13) or gpl20 (DU1S1) i a reaction volume ol 0.2m] (or one hour at 277°C.
Bound tracer was then separated by [lrabion through alass fibre ftlters (GFAC, Whatman,
Maidstone, Enpland) presoaked in 1% BSA, washed twice wilth o buller containing S0mM
HEPES, ImM CaCl:, Smh MeCly and .50 NaCl and counted tn a gamma counter.

Binding parameters were determined with the Prism software {(GraphPad) using nonlincar

replession [or a one-stte competition (Howard ef of L 199%; Blanpain er af | 19954).

2.8 FACS Analysis

Cells trapsiently expressing wild type or mutanl receplorvs were detached from tissue
culture dishes using detaching buffer (Smh EDTA, 30m™M HUEPES pH 7.4 100mM NaCl)
and transferred 1o 15m] tubes, Cells were centrifuged at 1000 rpm {or 5 minutes. Supernatant
was removed and the cotls were washed with 'BS containing 0.5 %6 BSA ([0ml PBS and
centrifuging at 1000 rpm lor S minwes). After washing, cclls were resuspended in 3000t of
PBS 0.5 % BSA, 20pul of cell suspension was incubaled with 1ulb of phycocrvihrin (PE)-
conjugaled anli CCRS anlibody (207) (Pharmiogen) Jor 60 minules in the dark, The ceils
wore then washed rwice with PBS-BSA (1.5 ml into each tube and spinning for 10 minutes at
2000rpmy o remove any unbound antibody. Cells were resuspended in 300pt of PBS-BSA
for acquisition and anabysis ustng a FACS calibur (Becton Dickinson},. Two paramelers were
used for acquisition, which are the cell size (torward scatter) and cell eranularity (side
scatter). A pate between ehanne] 100 and 300 on the forward scatter axis was sel Lo caplure 4
distinet cell poputation, HEK 293 cells transfected with empty vector, both stained and

unstained were used as a negative controb and 1o sel the gawe. The threshold for cells that
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were labeled with P was set au channel 100 in the FL2 wavelength and cells thal were

posilive for PL label were idenlified as cells fluorescing above 184 in channel 1°L2,

2.9 DUISI Baculovirus (BV) amplifieation

Stxomillion 821 cells grown 10 wedmm supplemented with 1% fetal calf serum
(TC100. Highveld Biotogicals. South Africa) were plated into 60mm culture dishes (Coming
Camlwidge, UISA) and altowed 1o sertle at the bottom ol the dish for approximately one houw
ina 27°C incubator. Tcn pl of first eeperation DU 1S L-baculovirus was added (o the cells and
meubated al 27°C for up 1o five days. when mare than half of the cells were dead The virus
was harvested by pipetting the medium oft the cells and centrifuging at 1000rpm tor S
minutes. The supernatant was retained as sceond generation DENST-BY rhar was used for

subsequent amplitication.

S cells in suspension cullure (TC1O0 with [68% FCS, 450w of (.55 10" cells/ml)
were centrifuged (1600 rpm for 5 minutes at rownn lemperature) and re-suspended m 2ml of
sccond geperation DL ISL-BY stock.  After mmeubation with virus (one hour. 27°C on
shaking plattorm. 50 rpm) cells were dilured and cemrifuged at 1000 rpm fir § minute (lo
rermove excess virus).  Pellets were vesuspended in 430 ml fresh growth medium (TCH
containing 10% IFCS, 100Umi penicillin and 100pg/ml streptomyein, Highveld Biologicals,
South Africa). The cells were allowed to grow for al teast three davs (shaking at 100 cpm.
2T before virus was harvested by contrifuging the cells at 1000 epm for 5 minutes at room

temperature, The supernatant was retained as third generarion DU ST-B3Y and stored al 4'C.

2.100 Expression and purification of gpl20

5t21 cells were adapled to serum free mediom (51900 11, (Gibeo) supplemented with
100Umi penictllin and 100pg‘ml streptomyein) 1o a density of 2 x [0 cells‘m] in 500ml.
Cells were transferred fromme a tissve culture flask to a sterile S00ml centrifuge hottle
(Bechman JA- 28), centrifuged for 15 minutes at 1000 rpm at room temperature. resuspencded
in S0 ml of Baculovirus-gpl 26 (DU ). The cells were incubated witl virus lor one hour at

27° Coon a shaking platform (30 rpm). 450 ml of SC900I + 100 Udml penictltin and 10

-
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gl of streptomycin was then added o the cells and mmcubated for three days at 275
shaking at |30 rpm. On the third day of infection, cells were centrifugcd at 2000 rpm [or |3
minules at 4%C, Supernatant was transferred w asterile bottle onoce and protease inhibiiors
(P} added (600 PMSLE and L ngdml leopeptind. This was immediarely loaded omto g lentil
lectin colwnn (47C) that has been equiltbrated with 10 volumes ol equilibratton hudler (20
mhd Tris pll 7.5, 0.5 M NaCl imM M7, ImM Ca’) containing profease inhibitors (0 | M
PRISE L 10 ngdml levpepting, The column was washed with the same buffer. The gpi 2t
(IILHA1) weas eluted with 3t of IM o-methyl-mannopyranoside in 2tmh Tos, (.50
NaCl, th1 %% 1 x [ pH 2.0 wath prowease inhibitors, To concentrate the ehited materal, the
a0 ml eluate was diluted wath 50 ml of sterile water contaming protease inshibitors and loaded
(15 ml at a time) onte an anucon ultra centrilugal hlter device (vhillipore). This was
cemtnfoged cach thme al 200 rpm e 20 mionores, The comeentrated malertal was collected

and aliguets were stored (-50°C).

2.11 5DS polyacrylamide gel electrophoresis and western blotting

SDS polyacrvlamide gel electrophoreses were perfonmed undder reduging conditions.
Two lavers ol analytical pels were preparcd. The lower laver (the resolving gel) contained
8% acrvlamide, 380mM Tris pHES, 0. 1% 5D5. 0.1% armunonium persulfate {AMPS) and $ul
of TLEMED (NNNTN"-Tetramethylethylenediamine), The secand layer (stacking pely had a
larger pore siee and contained 3% acrvlamide, 122mM Tris pltas, Gt S1%, 001 AMPS
and THEMED.  Profein samples were mixed with an cqual volume of 2X Lacmli solution
(826818, 3%wiv 2-mercapioethanol. 0% glyeerol. 23mM Tris pH 7.0 and bromophenol
blug) and separated on the stacking gel at 70 Volts and on the reselving gel ar 120 Volts in a
conneng buffor containing 24, 8mM Uris, 192mM glyveime and G01%0 5105 Adter separation by
SIXS-PAGE, western blolling experiments were perfonmed to conliem the integrity and the
size of the protein, The separated protein an the SDS-PAGIL gel were electrobloted for one
hour at 10 velts onw a PVIE membrane () vbondl.  Amersharm Bioscienee' ™.
Burkinghanishire. England} tn clectroblotiing bufter (19840 Treis, [.5M glveing and 20%
methanol). The membrane was blocked for ane hour with Saiwiv) fat Tree milk powder in

Tris bulfercd salioe (T3S, 20mM Teis pl17.5, 150mM NaCly and incubated overnight in



3% a1 Tree milk rr_‘-n‘-.'.t'l.:: m I'BS comaimmng |- L0060 divstion of horseradish peroxidase
(TR Fconpugated  anti-HIV-1 envelope  antibiody tl!ill;l_‘:[:-.:':iis.l‘l Poole, England). The
membrane was rinsed once with THS, then once withh TBS-0.5% Tween 20 for & minges
(shaking). Residual Tween 20 was removed by washing (our tmes (5 minule each) with
38, Proteins were dereeted using an FCL= kit (Amersham ™" Buckinghamshire, I ngland)
which contains an HRP substate reagent. The light produced when HRE on the membrane
comes i contact watly 1ts subsirate was captured on a light sepsitive Nm (hyperfilm MP,
Amersham ™, HBuckinghamshire. England).  Proteins were detected afler developing and

hixine of the Glm.

2.12 gpl 20— CD4 binding assay

HEK 295 cells stably expressing CD4 were plated (LOXI07 cellsiwell, 12-well plate,
Coning, Cambricipe, USA) rwo days betore the assay.  As control, HEK 293 ¢lls withoul
CI4E were also plated al the same density. Cells were washed once (Lmiliwelly with HEPES-
DMIEM (Cribeoy. Puriiied gpl20 was diluted in HEPTIS-DDMEM 1o a final volume ol 256Gul,
I'he diluted gpl2 was added w the eclls and cclls were incubated at 27 (shaking wt 90
rpm) for 60 immutes. Cells were washed twice (HIFPES-IXMEM) solubilized with 30mM
s pH7 4. 1% Trton X100, ImMM EDTA containing protease inhibitors (OLIM PMVSTE and
Mmg/ml leupeptink. The solubilized material was centrifuged for 20 minutes at 14,00 rpm

andd the superpatani was retained for SDS-PAGLE and western blow analysis,

2.13 gp120 ELISA

il arca Nat bottom high binding 96-well ELISA plates (Costar Lalc Science) were
codled with anu HIV-1 2pl 26 capture antibody, 137324 (Al BioReagents, Dublin, Lire)
(Spe/md in carbonate buffer. 100mM sodiwe carbonate pli18.5, overnight at 4°C). This is
hascd on previously described methods by Moore and Jacrert (198K). The plale was washed
threc times with PBS contaming 6. 1% TritonX-100 (PBS-TX). Afler blocking with 3% BSA
for two hours {room temperature), serinliy dibuted (in PB5-BSA) standard control pp 2

(HIV-L T3 gpl 200 EVAGOT, NIBSC)Y and st (puriticd) opl 20 were added (30pul Swell) and
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incubated al room remperature for two boars. Pates were washed three times with PBS-TX
ancd HRP-conjugated anti-HIV-1 gpl20 (Biogenesis' ™ Poule, Englandy was added to cach
well ar Sug/ml and incubated at room wemperatue for | hoor. The plate was washed five
times with PBS-TX aid TMB substrate containing o 121 misture of TMIB and 11205 (Pierce)
was added.  The reaction was stopped alter 30 minutes by addition of 2M 11501 znd the

absorbutice was read on a plate reader at 430nm.

2.14 HIV Fusion assay

Tlis assay was based on the method developed by Jenkinson er of (20003} and it
midels the interaction and tusion of HIY with the host cell {Jenkinsen e of 0 20033, 1LEK
293 cells were transfeeted with the membrane-hound precursor of the viral envelope proleins
{epl 20 and gpd 1 gpla0 (Y2, Molel. DUS 1L the virgl protein Rev and the eyvtoplasmie
vical transeription Detor, Tar Cells were cultured for two davs to allow lor protein
expression. Human osteasarcoma (1108 eclls stably expressing CD4 were stahly transfected
willh a long termminal repeat (L TR-uelerase reporter construet, These cells were then
transtently  ranslecled with either witdtype or mutant CCRS in pcDENAZ T (Liveot)
expression vector. After CCRS transloetion, cells were cultured in DMLUEM supplemaented
with 0% FCS and 200ue/mL hvgromyvein B dto select for cells that were successiully
tran=lected with CCRS). 400pg/mi. G418 and 1pg/mL puromycin (to sclect for LTR-fuc
cxprossing cells) lor two davs, Alter two days, HOS cells were larvested and plated at a
density of 6K cells per well of a 96-well plate in a volume of 30Ul of DMLEM containmg
Mo PFCS, HEK 293 celis expressing the envelope, Rev and Tual were alse harvested at
density of 12,000cels per well i 200l of DMEM-2% FCS and lavered on e the HOS cells.

Cells were allowed Lo Tuse over night before determining the lucilerase activity.

Lugiterase activity was determined usine the luciferase assay svstem (Pramega),
Cells were wushed once with eold PBS and lysed with the cell culrure [ysis butfer, The cells
werg lansferted o 1.AmL wbes and cemtrilueed at 12.000kpm lor 2 minwtes, The
supernatant was transterred to a white flat bottorm 96-well plate (Dyvnex technolooy) for

luminometer { Veritas, Promega) reading.
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CHAPTER THREE: EFFECTS OF CCRS
MUTATIONS ON CHEMOKINE RECEPTOR
FUNCTION AND EXPRESSION
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3.1 Introduction

The CC chemoakine reeeplor 5 (CCRS) binds and responds to the chemokine Haands,
MIP-leo MIP-IB and RANTES, inaddition, it teracts with the HIV-1 envelope
elycoprotein gpl 20 required for viral fusion and entry. Site direcled mutagenesis, chimerie

and antibody studies Tove shown that the interaction between CORS and its chemokine

surface of the receptor are invalved in G protein activalion, receptor phosphorylation and [3-
arrestin binding.  Four novel CCRS mulations [ound in South Africyg resull in gming acid
chanpes (Asp2Val, Leul07Phe, Arg22301In and Arg2235ww0p) and it 15 not known whar effect

these chunges may have on binding and responding to chemokine hgands.
3.2 Construction of CCRS mutants

The four CCRS mutants (1L ik were penerated by polyvimerase chain reaction based
mutagenesis as deseribed in materials and niethods ael Figure 3010 The mutanl genes were
analvsed for the presence of desired mutation by digestion with the restriction enevines that
recoonise the ercated silent restriction sites (Fig 3.2) and cloned nto peDDNA 501 (+)

Mutations swere confirnwed by seguencing.
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(A) First PCR (B) Sccond (bridge) PCR
T B2 3 4 3 L 203 <4 5 b 7

+—— [ 039hp +— |059hp
+— §73hp

Y +—— 3y6hp

Figure 3.1: Production of mutant receptors. {A) |'ypical ¢l picture of first PCR rcaction
(Gl shows production of the two Nugments of the Arg223S5top mutant), Lanc] is the
molecular wejght marker, lane 2 is the oeeative control, lane 3 1s (ull length wild nepe CCRA.
EN29hp {poxitive control), lanes 4 and 3 are the two [Fagments ol the Arg223510p mutant
(672bp and 286bp) (B} Full length PCR products of mutant receptors [rom sceond (brides)
PCR. Lanc 1. mwolccular weight marker, lane 20 neeative control. lane 3 wild type CCRS
tpositive contral), lanes 4, 3, 6 aod 7 are full tength PCR products of all four mutants
fAsp2Val, LenltiT Phe, Aro223GIh and Arp223510p)

; (B) {C)
oGz s
. ‘ﬁﬂﬂﬂhp

S 10hp

+—|{159b
ik hpp

=7 5hp

320

Figure 3.2: Restriction enzyme analysis of mutant receptors: {A) Lindigested (lanes 1 and
33 and Iipal digests {lanes 2 and 4% of wild type and Leul@7Phe mutant respectively.
Digestion of wild tyvpe CORS with Hpal had no elTeet on the receplor (lane 20 bul when the
mutant was digested, two fragments (73%hp oand 320bp) were obtained (lane 4y (1)
Lindigested (lanes | and 3) and SlaMl digest of wild type and Arg223Gln mutant CORA.
SfaND cuts the wildtype receptor to give three fragments of sizes 675bp. 206bp and | Thhp
{lanc 2% Preoscpce of the Are223GIn muation abolishes one restriclion site and 1w
fragments of sizes B8 1bp and 178bp were obrained, {C) Bell digestion of wild type {lans 1)
produced three NMagments, 449, 385 und 225bp winle digestion ol the Arg2255t0p mutant
{lane 2) pave two fragments of sizes 610 and 449bp).

67

il 0bp

ddGh
BSShg

225hp



3.3 Effects of muiations on CCRS signalling (IP production)

IEK 283 cells stably expressing the chimene G oprotein. Ggi (couples CCORS
stimulation Lo aclivation ol phospholtpase C) were translected with wild type and mutant
CCORS which were then used [or mositol phosphate (1P} assavs, This ussay was used 1o
determing the functional response of the mulant receptors o chemokime simulation. Two
different CORS ligands, M1 (Figure 3.3A) and RANTES (Figure 3.3B) were used o
stimulate receplor transiceted cells. Addition of Increasing concentrations af ligand leads 1o
an nerease in inositob phosphate production by the wildtype receptor {LCS0H — 881 - 2.5 nM
and .95 1 1.69 nM for MIP-La and RANTES respectively) (Fioure 3.3 and Fable 3.0} The
Asp2¥al mutant exhibited a decressed funclional response 1o MIP-1e and RANTLES with an
EC30 of 26553 = 178 n¥ and 261.5 : 170 nM respectively compared with the wildtype, Fhis
mutaisl receplor also showed low imax [or both ligands at 001 pM stimulation (7306 ad
549% cpn for MIP- Lo and RANTES respectively) compared with the wildivpe (L4052 and
13,99 ¢pm respectively), This supgests thal the mutant receptor may be poorly expressed or
it may have a low coupling eflicieney o decressed atfinity tor the lipand.

The LewlO7Phe mutant bad similae LCSO (1309 = 2.9 08 and 8.7 - 0.0 nM, Tuble
309 and Fmax (18799 and 18382 epm) Jor both MIP-1a and RANTES respeclively as the
wild tvpe CORS receptor. Comparable 1P results were obtained for the Arg225GIn with
LCA0 of 7.1 ¢ 2,02 nh and 1003 = 0.25 oM for MIP-la and RANTES respectively. There
was no measurable response Jor the Arg2235op mutant. This suggests that this mulant may
be poorly expressed or it ts unable 1o bind chemokine ligands or it may not be coupling

afficient]y.
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Fignre 3.3: Stimulation of inositol phosphate production by MIP-1o {A} and RANTES
(Bl HEK cells stably expressing a chimeric G protein. Ggi were trapsiently trunsiceted with
wildtvpe CCR3 (A) Asp2Val (A, Leuld7Phe (), Arg223GIn () or Arg22535top (4)
mutant CCRS receptors, incubated with “Tl-myveinesitol and stimulated  with various
concentrations of MEP-Te or RANTES. Data preserted ave from single experiments that are
represcilative ol 4t least thres independent cxperiments pertermed in duplicate, Ervrar bars
indicate the standard error [or cach triplicaw

It was noted that even though the Arg225GIn mutant showed the same maximal
responses and ECS0 values ay the wildtvpe receptor, it exhibited an increase in basal activity
(response n the abscuce ol ligand) compared te the wildtvpe (Figure 331 This suggests
cither teercased capression or the receplor may be constilutively active. An 1P assay was
perfarmed to compare the basal activity of an empty vector, the mutant receplor and that ol
the wildivpe receptor. Analysis of the results showed that there was a shight mercase m the
busal activity ol the wildtype recepuy {(Figure 341 A statisucully signilicant increase (p

vihue less than €.05) was observed in the signalling activity ol the Arg223GIn mutant

a4



compared to the wildtype reeeplor (p - (R024933 in the absence of ligand. In Lhe presence of
ligand, there was no sigmileant difference in the signalling activity ol buth the witdtvpe and
the Arg225Cn mutam receptors,  Cells translocted with empty vector (pelINASZ 1) which

was used as a negative control showwed no change in the presence of the Hgand (Figure 3,43,
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Figure 3.4; Fnhanced basal activity of Arg223GIn CCRS. 11K cells stably expressing
Gy were transiently ranstected with empty vector (elear burs), witdipe CCORS {sobid bars)
or Are?25Gln CCRS (hashed bars), incubaled in | myvoingsital and stimulated with either
bulter or RANIES (1007 M), Fach bar represents the mean of duplivate values for cach
sample. Lack of creor burs i some ol the bars reflects the cluseness of the duplicate values.
BU indicales basal stgnalting response (sigoatling in the abseoce of ligamd).

3.4 Lizand binding of CCRS mutant receptors

A competition binding assay was used to deternine the affinites of wild wpe und
mutant receplors or ligand (MIP-101. MIP-10 was radio-iedinated in the faboratory using the
chloramine 1" methed,  Radio-labelled peptide was purificd through a G-25 column and
fractions were collected and the amount of radicactivity deternuined usme o gamma counter.

The clution profile of a tvpreal MIP-15 labelling experiment is shown in Igure 3.5,



Fractions 1O, 11, 12013, 22, 23 and 24 were tested for CCRS hinding using C12Thisyn CCRS
colls (thymocytes stably expressing a high amount of CCRS) by competition with 107M ol
unlabelled MIP-1J3, Fractions 10, 11, 12, and |3 showed binding {labellzd peptide) (Figwe
360 and were wsed for competition binding assay o delermine binding of mutant CORS.
Practions 22, 23 and 24 <id not bind CORE { [ee odine).

Specific binding was ncasured using a sinule concentralion of tracer (' T-MIP-| [+ amd Lhe
concentration ot the ligand that showed fitty percent displacement ol the tracer (1C50) und

the affinits of MIP-1[i for the wildtyps and mutam receptors were  detenmined.
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Figure 1.5: Profile of rado-todinated MIP-13. 7. 8ne of MIP«1[3 was mixed with 10ul of
1 mCi Nal2SE and 10upl. of Img/ml of chloramine 1" in a reaction volume of 45ud. in
phosphate buffer. The reaction was stoppad with 300l of sodiwn eeta bisulfide and the
labeled peptide was puritied throuph a G-23 colummn. Fractions were collected and counted
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Figure 3.6: Fractions of label tested for hinding to CCR3. C2Thisyn CCRE cells were
incubated with labelted MIB-1] in the absence (clear bars) or presence of 10 M MIP-1[3
(solid bars), 1M represents no added Lgand.

Additien ol increasing corcentrations of unlabelled MIP-1 to HEKZUR cells
cxpressing the wild type receplor leads w displacernent of the Jabelled MIP- 1| with an OS50
of 1536 L 687 nbd (Figure 3.7 and Takle 313 The Asp2Val mutant showed both low total
Binding and decreased attindy for MIP-1p(C20 of 6326 - 20048 nM). Both the Leu [ 07Phe

and Aro223GIn mutant atfinities were comparable o that ol the wild 1ype receptor (FCS0

1238 337 nM oand 7.22=1.41 oM respectivelyr.  No bhinding was observed for the
Arg22551op mutant (Figore 3.7 and Table 3,13 This suggests thal the truncated recepror

may nol be expressed on the eell surface.
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Fieure 3.7: Competition binding of MIP-1. 1IEK293 cells were transiently translecied
with wildtype reeeptor (A) AspZVal (8 ) LeulOTPhe (C), Are223GIn (@) or Arg225810p
() mutant receptors o untranstected 1IEKZ93 cells {4y and incobated with lasbelled
chemokine ligand ¢'=°1 MIP-1f as tracer) and various concentrations of unlabelled ligand
(MR- Trta displayed s vepreseontative experiment of three independent experniments
perlormed i tipheaie. BO represent bulfer with no MIP-1[5 Liror bars represent standard
crrars tor gach friplicate.



Tuble 3.1: Summary of chemokine bmding and signailing of wild fvpe and mutant
CCRS

Resubts are the means and standard errors cateulated frome three experiments pertormedd
independently, (ECS0 s the concentration ¢f ligamd that gave halt maximal response ). A
Mann-Witney two taited t test was dene to compare values ohtained for each mulant (except
for the Ara2255top) with the wild tvpe ' The ' valies are indicated m bold in brackets
{statistical difference, p==0L05).

EC50 (nM) binding IC50 (nM)
Receptor MIP-1a RANTES MIP1
Wild type BE1+25 §.95+1.69 15,3645 87
Asp2val 265 31178 {0.022) 261£170.3 (0.028) £3.26+20.48 (0.042)
LeuiD7Phe  13.08+4 8 (0.7) 8.7+0.5 (0.8} 12.38+3.57 {1.00)
Arg225Gin 7.1x2.02 (1.00) 10.05+0.25 (1.00} 7.22+1.41 (0.7)

Nomeasurable No measural

Arg2255top response response no binding

3.5 Expression of Wild type and mutant receptors

The lack of binding and signathng by the Arg2235top mutant supgested a possible
lack of receptonr expression on the cell surtace. To determine expression o wild type and
mutant CCRS receptors FACS analvsis was performed. Phyeoervibmin-conjugatcd 207, a
fluorescent labelled monoclonal antibedy against CCRS which recognizes a conformational
epitlope located in the sceond extracellular toop of the receptor was used to detecl CORS
The level nf receptor cxpression was assessed by the mtensity ol [luorescenee of the
antihody,  The wild tvpe receplor wis well expressed o the cell surface with a mean
fluorescence of approximately 23 (which pives an indication ol w average amount of
recoplors cxpressed on the cell surface) and more than 80% of cells expressing the receplor
{ligure 3.8} This resull inghcates aecater than BO%: transfection efficicney.  Both he
Leult7lhe and the Aro 2Z3GTn were expressed at similar levels (greater than 90% of wild
Lype expression, table 3.2) to the wildtype receplor, while the AspZVal mutant was expressed
ab a lower level (06%, Table 3.2 compared o wild type CURE, The ArgZZaNlop miulanl was

not derected an the cell sucfuce, 7.8+21.81%% of cells expressing receplor and a mean



Nuorescence of 23.8: 145 (Figure 3.5 and Table 3.2) which 15 comparable to the stained
vecton transfected cells, 1a.02:6.95 %% of cells expressing recepior and mean tHluorescence of

4.96: 278 %, respectively,
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Fieure 3.8 FACS: Representative dot plots (top panels) and histegrams (hottom pangls)
of | 1FKcells stained with antibody {A) Wild type CCRS (B) Asp2Val (O Leat 7 Phe
(D A225GIn By and Arg2235top (F ) mutant CORS,
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In order to measure intracellular expression of receptors, cells were permcabilized
with 0.03% sapontn, labelled with 2D7 and analyzed using FACS. Results showed inereased
expression in permeabilized cells {compared to wnpernicabilized cells) expressing the wild
tvpe receptor and all mutants except for the Acg2255%0p mutant (data not shown),  This
Suggests that the Arg2253Stop mutant Is neither expressed on the cell surlace nor un

intrecellular membrancs,
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Figure 3.9: Cell surface expression of wildéype and mutant CCRS. HEK 293 cells were
rransiently transfected with plasimds encoding Wild wpe, Asp2Val, Leull7Phe, Arg2250G10
and Arg225St1op CCRS. Cells were stained with 2D7-PE and analysed by FACUS, Lnstained
and stained vector translfected cells were uscd as negative controls. The lelt Y-axis (imean
fluorescence) tepresents the ntensily of the Muorescent label recorded tor each recepror. The
right Y-axis (% of cells expressing receptord indicates the gated evenl lor cach recepror,
Representative of three experiments performed independent]y is presented.



Table 5.2: Fffects of mutations on cell surface expression of the CORS receptor

Mean fluorescence ts the mean mtensity of the Quorescent label recorded Tor each receptor
whiclt gives an indicatton of the average nwmber of receptors expressed. Percentage (%) of
cells expressmg receptor indicates the gated cvents and gives an indication of transfection
etfictency, Values are expressed as percentage of wild type and resulls are means and
standard crrors caleulaled from tlree independent cxpertments. A Mann-Winey wo tafled t
test was dune to compare values obtamed for each mutant {except for the Arg2235510p with
the wild fype. The P vajues are indicated in bold in brackets (statistical difiveence, p —=0.03).

Recaptor Mean %_ of cells
fluorescence expressing receptor
Wildtype 100 106
Asp2Val 58 5+2 47 {0.0405)  £6.1+10.56 (0.004)
Leu1D7FPhe 35 1+4 89 (0.1) 92 616 60 (0.405)
Arg225GIn - 74440 1 (0.22) 93 643 32 (0.179)
Arg2253top 23 541 45 (0.002) 7 87+1.81 («0.0001)
Vector + Ab 15 02+5 05 4 9642 78

3.6 Summary

Mulan! receptors consttucted were analvsed by resiriction enzyme digestion and
confirmed by sequencing, Clemokine receptor function was determined by a signalling assay
(1P produclion) and a competition binding assay. Results show decreased 1P respunse and
decreased affinity for the Asp2Val mutant, This mutant also showed low towal binding. Beth
the [ewl7Phe amd the Arg2 25610 showed the same [P response and binding allinitics as the
wild ype recepror, There was a signiltcant increase in basal cesponse for the Arg225Gin
mutant compared to the wild type receptor, The Arg223Stop mutant did not bind lingand and

did not show any signailing response to either MIP-1rcor RANTES,

Cell surface cxpression of the different muelant receplurs was analvsed by FACS
Results showed that both the Leul7Phe and the Arg225GIn were expressed al the sume
level as the wildivpe receptor. There was deercased expression for the Asp2Val mutant while
there was no measutable response for the Arg2255wwp muant both on the celt surface and

intracellalarly,

s



CHAPTER FOUR: EFFECTS OF CCRS
MUTATIONS ON HI1V-1 CO-RECEPTOR FUNCTION
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4.1 Introduction

Sinee the discovery that CCRS acts as a co-receplor for HIV-1 entry into host cells,
several studies have been carried out to map out Lhe region on CCRS and specific residues
ivolved i this entry process. CCR3 is known to inreract dircetly with the envelope
glycoprotein, gpl 20 belore fusion s effected, Site directed mutagenesis, chimeric siudies,
comparison of chemokine receptor homelogues from different specics and antibody studies
have revealed that gpl20 interacts mostly with residues at the N-terminal of the receptor. 'he
other three eatracellular regions of CCRS have been shown lo be involved in the 1HV-]
fusionfentry process but evidence suggests that these regions are impordant for mducing the
conlmmational changes necessary [or membrane fusion {Blanpain ef al. 1999 Lee er ol
19845y |1t this study, co-receplor funclion of the four mutant CORS were studied using a cell-
cell fusion assay to determine their effect on fusion efficiency and a gpl20 hinding assay 1o

determine the eftects of the mutations on interaction with gpl 20 and their inding aflinities.

4.2 Cell-cell fusion

Fusion of LTV with host cells is mediated by the envelope glyveoprotein. gplol which
i made up of two subunits {zpl 20 and gpd ). A viral free cell-cell fusion assay system that
madels the interaction and fusiom of HIV wilh the host cell was used 1o deteeming the effect
of the tour CURS mutations on fusien cfficteney (Jenkinson e al, 20033 In this assay, the
virus was replaced with a cell bine (HEK 2833 thal transiently expresses the HIV envelope
giveoprotein, gplal the viral transeription factor, Tat and the viral protein, Rev, The target
cell was a human osteosarcoma {HOSY cell line stably expressing the human CD4 receptor
and LTR-lueiferase reporter, trunsiently lransiceled with wildtvpe or mutant CCR3, Mixing
of these two cetl 1vpes allows binding of the gp | 20 to the €134 and CCR3S resubting in fusion
of the cells om which the different proteims are expressed. When fusion occurs. tiere s
mixing of the two cyloplasms and the Tal protein from the HEK 293 cell cytoplasm binds to
the LTR on the promaoler of the luciferase in the HOS cell and activates transeription of the

Inciterase sene. The activily of the Juciferase is measured as an end peint.

T



4.2.1 Generation of cells for fusion assay

Stable LTR-Juviferase (IL.TR-lue) cell lines were pencrated in order o perform this
assay. HOS eells expressing both human receptors (CD4 and CCRS and the L' R-tuciferase
were first prepared. Geneticin (G418) roxicity was first (ested on HOS celts stably
expressing CD4 (1 1OS-CD4}y and HOS cells stably espressing both CD4 and wildtype CCRS
(HOS-CD4-CCRS) plated in 10em dishes.  The cells were  treated  with varving
concentrations {100ue/ml. - 1000weml) of the antbiooe and monitored e cell death,
Coneentralions greater than 700pg/ml. killed all cells alter four days and SO0ug/ml. aller one
week,  Concentrations less than 300pg/ml. could completely kill cells afler ten days. For

stable scfection, 400he mL of G418 was used.

HICHS cells stably expressing both CD4 and wildtype CORS {HOS-CDA-CURS Y were
transteered with the neomycin resistant plasmid (peDMNAS, 1+) cncoding the LTR-fuetferase
ozne,  Transfeeted cells were selected wilh 400ugml. of G418 and positive clones were
identified lor luciferase activity by waosicntly transtecting them with Rev and Tat and
assaved using the [ucilerase assay sysiem (Promega). Four 11O5-CD4 clones were positive
tor the presence of luciferase (CD4-8. CD4-10, CR4-15 and CD4-16). OF the four positive
clones, CD4-10 showed highest aclivity (Figure 411 and was later used lor subsequent
experitnents. Only one HOS-CD-CCRS clone (CORS-13) was posilive for luciferase and

this elone was used as positive contral forall fusion experiments (Figure 4.1).
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Fieure 4.1: Luciferase activity of cells stably transfected with LL.TR-Luciferuse. HOS-
CD4 and HOS-CDA-CCRS were trunsfected with peDNAS INco{—) plasmid cocoding the
LTR-lugiferase gene, Transtected cells were selected and propagated in medium contaiming
400ugml of G418, Positive clones were transiently transfected with rev and tat and after
twa days the cells were analysed for Juciferase activily. Cells were lysed with the luciferase
Iysis bufler and lucilerase activity was measured on g Luminooscan Luminometer using the
Ascent software,

4.2.2 Expression of CCRS mutants in HOS-CD4-luciferase (CD4-10) cells

Wild type and mumant CCRSY genes were subcloned ot the hvgromyein resislant
vectar, HOS-CD4-10  cells were  transfected  wath wildtype  and  mutant CCRS  n
peDMAZ L verat-ky and transtected cells were selected with 200pa/ml. hyeromyein B
{Fovitregen). Stable capression of wildtvpe and mutaot receplors was amalvsed by FACS
analvsis. All clanes tested were negative tor CCR3S expression (Figure 4.2). The Jack of
expression may have been doe to the treatment of the cells with three different antibiotics.
These cells were treated with puromycin, G418 and then Hygromyein B, 11 is possible that
the antibiotic pressure could have been too high for them to perform optimally. Since stable
translection was nol successful, ransient franslection was altempred. HOS-CTHE-10 cells

were fransfected with receptors and FACS analvsis dane after rwe days, Lxpression lovels
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(buth mean {luorescence and %4 of cells expressing receptor) afier transient Lransfection were
very tow (Figure 4 3A) Cells were transtected and treated wilh antibiotic (hygromscin B33
for one or two days, Antibiotic treatment Tor one day improved expression by two fold while
two days sclecnion further inproved expression by Lthree fold {Figure 4,313} Three days
selection showed further improvement in expression but total cell count after selection was
very low  lor subsequent tusion assays, HOS-CD4-luciferase cells were transfected with
wildiype amd mutant CORS, selected with hygromyein B for two davs before use for fusion

experiments, Each fusion experiment was performed alengside PACS analysis 1o aseertain

EXPression 314 the dilicrent Imutant receptors
50
o i [
o
‘B 40
U
2L
o o
X B 30
2 g
% = 20
B
= 10
ol = O =10l —
(s B . = A % 2 L NOA
o e o N o, ST S N R o S, LR T St
S Y S TELE T
Q\D C Qb-
Q° G
P
receptor

Figure 4.2: Fxpression of mutant CCR3 in stably transfected cells. 1OS cells stably
gxpressing D4 and the LTR-luciferase (CL4-10, Figwe 413 were trunsiteled with
Asp2¥al, LeulD7Phe, Arg225CIn and Are223%top muant CCRS o peDSA Livarod 1)
plasmids.  Stably translected cells were selected by propagation in medium contaming
200up’mL of hveromycin B {Invitrogen) and analysed for the preseoce ot CCRS receptor by
FACS analysis. HOS-CD4 and HOS-CD44ab are negative controls (no receplor prosent),
HOS-CD4-CCRS s a positive control (cells slably expressing wild type COR3) 12V, LF, R(Q)
and RX are clones from cells transloeted with Asp2Val, Teuld7Phe, Arg225Gln and
Argl255top respectively.
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Figure 4.3: Effect of hygromyein B ircaiment on CCS5 expression. (A} Comparison of
length of hyvpromycin 3 selection on expression of CORS in HOS cells. FIOS cells stably
expressing €04 and LTR-locilferase (HOS-CDy were ranslected with plasmuds encoding
wild tvpe CORS. Cells were incubated with hygromyein B for ome or twe days and
expression was determined by FACS analysis, {(By  Expression of wildtype and utant
CORS after two days selectiom with hvgrinnyein B Untransfected | 105-C04 cetls (stained
and unstained) were used as neeative contriols while HOS-COM cells stably capressing wild
type CORS (HIOS-CIE-COR )Y were used as positive controls.



4.2.3 Effects of mutations on cell-cell fusion

A cell-cell fusion assay was used Lo assess the ability of CCR3 mutants to mediate
fusion of host eclls with membranes bearing HIV-1 Env protein. To assess the effect of
CCRS muotations on [ITV-| fusion, three different HIV-1 covelopes together with the viral
proteins, Tat and Rev were expressed in TIEK 293 cells and incubated with reporter 1105
cells expressing the LTR-Tucilerase and CD4 with wildtype or mmutant CCRE, The ability of
the HEK cells to fuse with the HOS cells was determined by measuring lucilerase activity.
I'he HOS translteted cells used Tor cach (usion assay was analysed using FACS o determime
expression of the receptors ( lable 4.1). The expression and fusion results in the Table
represent the average of three independent experiments expressed as a percentage of wild
type while the [usion result on the graph 15 a single experiment from three independent
assavs performed. The wild type receptor was able o fuse with the three cnvelopes, Low
fusion was abservied for the subtype B envelape. Y12 white the two South Adriean sublype O
envelopes, MOLET and DU 2T showed higher [usion (Figure 4.4). In some (usion assays,
shahtly higher values were obtained tor the Leu107Phe and the Arg223GIn mutant compared
to the wild type, A 2-tailed student t-test was done using the GraphPad Prism soltware to
cennpare (bsion ol wild type with those of the Leul 37Phe and the Arg225GIn mutani (il there
is significant dilference, p—<(L03). Results showed that both Leuld7Phe and Arg225G1n
showed similar fusion activity (YL2Z, p=0.38635 and 01.3865, MOLEL, p 0.6048 and U.66635
and DULSL, p= 08314 and G.664635 (or the Leol07Phe Are2230GIn mutants respeetivelv) as
the wildtvpe receptlor {Figure 4.4). This suggests that the conformational changes needed Jor
FIIV-1 fuston was not affected by either the presence ol Phenylalanine al position 107 or Gln
at position 223 respectively. This resull also suggests thal constilutive activity ot the
Arg225GIn mutant did not affeet fusion ctitciency, There was decreased fusion for the
Asp2Val mutant comparcd 1o the wildtype and no measurable fusion Tor the Arp2235top
mutant. Drecreased usion exhibited by the Asp2Val mutant may have been due to decreased
expression or low allinity of this mutant reeeptor for HIV-gpl 20, The Arg2255top mutant,

suee i was not expressed on the cell surface, it was not expecled to fuse with any envelope,
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Figure 4.4: HIV-1 fusion efficiencies and corceeptor function of CCRS mutants,
Lntransteeted HEK 293 celis (prey bars) or JIEK 293 cells transiently transteeted with rev,
tat and cither the subtype B 1IV-1 envielope, YUZ {opcn bars) or the subtype C envelopes,
Maolel (solid bars) or DUITST (hashed bars) were mixed with 1108 cells expressing €14,
[LTR-lucilerase and either wildiype or mutant COR3 One day afler mixing. cells were
assaved for luciterase activily using the lueiferase assay systom (Promegal 11HOS-CD4 (no
receptor) and | 1OS-C14-CCRS (cells stably expressing wild type CCR3) were used as
necative and positive controls respectively.

Table 4.1 Expression and fusion ellicicucies of wildtype and mutand CCRS in HOS
cells ufier two davs selection with hyvgromyein B, Values are expressed as percentage of
wild tvpe and results are means and standard crrors calculated from three iwlependent
CX periments

Expression Fusion

mean thoooof  ce
Receptor fluorescence expressing YU2 Maled DU151
Wildtype 100 100 100 100 100
Asp2ial 57.00£3 7 E3ATHIS 5E.B0+15.3 5.3.34£32.5 15 7323 8
Leul107Phe 10167453 122 2545 3 143 77£23.3 138572651 105.38£23.8
Arg225GIn 52 19+11.8 11817=211  ~4B 0B:§.3 131.77¢47 5 116.35£36.2
ArgZ2255t0p 42 02+2 8 17 53205 A2 24x] B fE1=28 TR

]
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4.3 CCRS —epl1 24 ioteraction

o determine the binding altinities of the wild type and the dilferent mutant receplors
for ppl2ih a competition binding assay was performed using purificd subtyvpe C ppl20
(DU 5L TTER 283 cells stably expressing C1M were transiently transfected with wild type
or mitant CCRS and incubated with a fived concentration of labelled MIP-1[ (a5 tracer) and

variols concentration of purilicd ppl2
4.3.1 Expression and functionality of purified gpl 21

I'he subtype C gpl 20, DUITSE was purilied frem inseet colls (ST20 infecled wilh baculoviras
through a lentil lectin colump. The puriled gpf 20 was concentrated with an amicon ultra
centrifugal filter dewice (Millipore). Western blot analysis was used to determine expression
and Dntegrity of the purified gpl20 and a CI24 binding assay was used to assess the
functionality of the protein, Western blodl analysis showed that the puritied gpt20 was
expressed and was =11l intact after the puvification process (Figure 4.5), Since gpl 20 was
purilied from insect colls, there is less glveosylation which reflects the deercase in the size of
the protein obtained (¥7KD). The intensity of the band was low suggesting that the
concentration of the protein wis low. This was confiomed by ELISA. 1M binding assay
revealed that the puried gpl20 was functional sinec it could bind CD4 expressed on the
surface of 1TEK 293 cells (Figure 4,63, gpl20 from four different punifications were poaled,

and re-concentrated belore use Jor binding assays.
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Figure 4,5 Expression of purificd gpl20, 5121 cells were infected with DULS]
Faculewirus for three davs.  Supernalant was collected and applied on Ly a lenul lectin
column,  After washing, opl120 was cluted with o-13 methvlmanopyranoside  and
concentrated  with an amicon ultra centrifugal [iller device.  Concentraled protein was
separaled on an SD8-PAGE ge, translerred to a nitrocellulose membrane and mcubated with
an HRP-conjugated anti HIV envelope antibody (Biﬂgtncsis' " Poole, England}. Protein was
detected using an ECL+ kit (Amersham, Buckinghamshire, England). Lane | and 2, positive
control {previously purified functional ppl20), Lanes 3. 4, 5 and & are purified ppl 20
{DUL31).

%234 667 8910 1

Figure 4.6: gpi2i-CD4 binding. HEK 293 cells stably expressing CD4 were incubuated
with puritied ppl20, Cells were solubilised. centrituged and supernatant used for western
blot analysis using an antt HTY envelope antibody. Lanc | 15 the protein marker. lanes 2 and
3. CP4 cells with no gpl 20 {neeative control}, lanes 4 and 3, LK 243 cells with gpl 20 (no
O (negative control), banes 6 and 7. previously purified [unctional gpl20 (positive
control). lanes 8 and ¥ and lanes 14 and || are tested gpl20 trom twa ditferent purifications.



4.3.2 Concentration of purified zpl20
Concentration of purified gpl20 was determined by ULISA, Both standard apl 20 and
purified test gpl 20 were wssaved on the sume plate and the concentration of the Lest sumple

was extrapolated trom a standard curve of absorbance versus concentration (Lpure 4.7) of
standard ep[20.

1.0-

0.5 -

absorbance

D.U T ¥ I LI 1
o 25 S0 75 100 125

[gp120] (ng)

Figure 4.7 Typical spline curve for determination of gpl20 concentration. Different
concentrations of standard [1HV-1 B gpl 20 and purilicd samples were caprured on an
CLISA plate by an 111V-1 caplure antibody (sce inatenials and mcthodsh, After blocking
and incuebation with an HRP-compuzated anti-ppi 20 antibody, an T1R1 substrate was added
{blue colour was observed) and the reaction stopped afler 15 minutes (reaction appoars
vellow), Absorbance was read at 450nm. A spline curve ol absorbance  versus
concentralion of standard 1TBep 120 was used to determine concentration of sample pl 20,

4.3.3 CORA binding

MIP-13 binds CCRS with hioh affinity and addition of a compelitor such as gpl20 will
displace MIP-1% in a congentration dependent manner. up 120 competition binding results
showed that addition of increasing concentrations of gpl20 leads o 71 MIP-i[}
displacement frivm the Lew| 07Phe and Are223GIn mutant receptors with 105405 of 0,42 and
(0.24uM respectively (Fieure 4.8), Cell surface expression results {Figure 3.8 and Table
3.2% showed that these two mutants are expressed at similar levels as the wild tvpe receptor
and they hoth [ise with HIV-1 covelopes with the same efficiency as the wild type
receplor. However, our ppl20 competition bindeie result showed that the wild tvpe

receplor had o higher [C50 (2.370M) than these mutants. These differences in K305 may

38



be attrebuted 1o the difference in alfinities for epl 200 with the two mutanis showing bigher
altniues than the wild type receptor. Constitutive activity of Are2250In did not seem o
Play a role i 1ts biwling alfinity since it showed simtlar affinity as the Leul 07Phe mutant
which was not constitutively active.  The Asp2Val mutant did not show any binding
{I'igure 4.8 This may be due o s low surfice expression or lack of alfiniuy lor gpl 240,
Sinee the Are?235top mutant was not expressed and was non functional, no gpt 240 binding
wits done for s mutant. 11 should be however indicated here that cven though we did
mmore than three independent experiments. the results were not reproducible and as such, a

representalive result ol the Lwo most convineing s presemed.
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Figure $.8: gpl20 competition binding: HEK-CD4 cotls wire transiently transiocted with
wildtype receplor (L) Asp2Val {A), Leul07Phe (W ) or Arg225GIn () mutant veceplors and
incubated witl labelled chemokine tgand (<21 MIP-10 as tracer) and various concentrations
of gl 243,

4.4 Summary

HIV-1 co-receptor aettvity  was analvzed using a fuston assay and a gpl20-RMIP-1}3
competition binding assay, For tusion assay, [1OS cells expressing CD4 were sucesstully
transiceted stably with LTR-Tuc. Stable wild type and mutant CCRS transtection was not
suecessful, Cranstent translection ol wild tepe and mutant CCRS with 1wo days selection
with hyvgromyein B wis used o generate aceeptor (HOS-CDA-CCRS-Luey cells tor fusion

ussay, Fuston results showed that the Asp2¥al had decreased fusion activily Tor all three
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envelopes tested, Both the Leul07Phe and the Arg225CGIn showed comparable fusion with
the wifd rvpe receptor and 1o Jusion was ohserved for the Arg2238top muman. The subtype
€ oenvelopes {12151 and MOLE 1} showed higher lusion efficiency than the subtyvpe B

ervelope (YLIZ),

lor epl20 competition binding, gpl 20 ywas punficd through a tentil lecun column,. Westent
blotting resufts showed that gpl20 was expressed and could bind CD4 (Figure 4.5 and 4.6,
Concentration ot puified apl20 was determined by ELISA Competition binding assay
showed that opl20 could displace labelled MIP-13 at the Leul07Phe and the Arg225Gin
mudant reeeptors with similar 10305 The Asp2Val did not show any binding in this assay.
Since the Arg223500p muta was not expressed and did not bind chemoking hgmd, no

op] 20 binding was done for Lhis mulant.
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CHAPTER FIVE: DISCUSSION AND
CONCLUSION
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5.1 IHSCUSSION

CCRS has o oreeent vedrs altracled atlention sinve iL was discoverad that it plavs a
magor role in HIV-1 ransmission and pathogenesis.  This critical role of CCRS was
demanstrated by the finding that individuals bomozyeous lor the A2 sene variant showed
strong resistanee to HIY-1 inleetion and heleroeypoles show partial protceticn and sloswer
progression 1o ATDS (Smith et el . 1997) It was also shown that the natural boands of
CCRE, sume chemokine anatogs and monocelonal antibodies dircced apainst CCRS e
inhibhit HIV-1 infecion {Alkhatih et ol 1990, Choe of af, 1996 Deng e ol 996G,
Papulation genztic <tudies showw that the A32 mulaion is commaon e the Caucasians and
absent or rare in black Atticans and Japanese population (Broder and Collman, 19497).
Studies have also demonsuated less discase assoctated with inflammation and rheumatoid
arthritis Tor individuals whe are heterozyvgous for the A32 mutation (Zapice ef o/, 20004
Therelore it is of interest te know the etTects of CCR> murations on chemokine and HIY
fumetion, Blanpain and co-workers tdentified 16 natwral CCRS vartants in varicus human
populations and andysed their tunctions in terms of expression, cheinokine receptor and HIY
co-receptor funclion (Blanpain ef al, 20001 Their resulls revealed varving cllects of the
different inulatons on the tunction of CCRS, with some muwtions having ne measurable
elTects. Other studics on allelic variants of CCRE that aller Tunction were done by Carrington
and collaborators bul the sample size and the abundance of varants make it difficult lor
popualation studics 10 be patvied out (Cavington e of, 1997). o the absence of large
population samples it is theretore importat 1o dentify allelic variants of CCRE and perlonm
in vitro studics o characterize them in terms of chemokine receptor and HIV-1 co-receptor

lunetion and thus be ahle o predict Ltheir cllects i vive,

Presently, subtvpe € V-1 is the moest predominant sublype and ol is the most
comman subiype i South Africa (MceCutchan, 2000, Williamson ef af, 2003), Subtvpe C s
also the most rapidly spreading sublvpe worldwide (Osmanoy ¢f al, 20021 Stodies Lave
shown that intection of women with HIV-1C cause a significant reduction m CD4 levels
compared with those infeeted with subtvpes A or 13, and subty pe C can easily establizh itsell
a3 the major subtype in a region thal harbours other subtypes (Renpifo er af . 1998 Neilson of

al, 19999 1t has been shown that 1% -1C vivuses mainly use CCRS for intection of host
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cells and maintain their CCRS usage throughout infection compared 1o other subtypes that
are able o switch o CXCRY usage as disease progresses ¢ scherning ef af, 1998 Marris ¢f
al., 2001} Yhus, studying the function of CCRS and the effects of CCRS variants in a region
where THV-1C is prevalent may conuribule to the understanding of the pathogenesis and

spread ol subtype 0TV -],

Petersen and collaborators identilied seven novel CORZ mutations in a population of
predominantly South Alrican descent {Pelersen ef af - 2000, Four of these mutations were
non-conservative and we theretore predicted thal they may have a signiticant effect on the
normal lunctioning of COR3. Altered CCRS function is expeeted to contribute to host
varability and susceptibibity to HIV-1 inlcction andfor propression 1o AIDS withun this
population.  This thesis was almed at examming the consequences ol the four non-
conservative South African mutations of CCRS on chemokine receptor lunclion. expression

and 1IV-1 coreceptor funetion using in vitre methods.

Wild type CCUKS and mutant CCRS were expressed i a range o recombinant
svslems. Chemokine receptor lunetions of these CORS mutants were dewermined vsing both
sigraling and binding assavs. Analvsis of 1P results showed that the conservative amino acid
change Trom leucine o phenylalanine at the third ransmembrane domain (Lewl 07Phe) did
not affect tunctional response to chemaoking, 1t had BECS0s of 13.09-4 9nM and 5.7+0.6nW
for MIP-1ee and RANTUES respectively which were comparable 1o those of the wild ppe
reecptor {8,842, 5nM and 9.95+1.69 tor MIP-1a and RANTES respectively) (Figure 3.3 and
Table 3.0)  This mutant receplor showed similar total binding and affinity {([C30 of
12 3813.57nM) as the wildtype recepror §15.36=6,87) (Figure 3.7 and Table 3.1),  Vhese
findings suggest thal this vesidue docs not contribute o or 15 not nvolved 19 the
conlormational chanpes that lead o activation ol the receptor, Thus the alipbatic nature of
the bydrophobic side chain of leucine at position 107 does nat secm to be important for
ligand binding and signaling of the receplor. The role of aromatic residucs at the
extraccllular border of hohees 2 and 3 0 receplor activaton has been demonstrated by
Covacrts and collabarators, ‘They showed that aromalic clusters at the TM2-TM3 interface

ot CCRS are mvolved in chemokine-induced  activation and  ntechebical  Toteractions



necessary for conformational changes in the helices that may govern ligand specilicity
(Govacrts ef al., 2003}, [ this comtext, it is expected that a change from an aliphatic to an
aromatic residuc at position 107 in M3 would enhance or have fittle or no cfTecl on CORS
function. Consistent with this, a stentlar mutation at postlion 104, ateo in TM2 (Leu 1 04PPhe)

showed binding properties similar to the wild Ivpe receptor (Govaerts e af . 2013,

Fhe Arg225GIn had EC50s for both MIP-Lo and RANTES as the wild type receptor

-

{lable3 1 and Iigure 3,3) This mulan receptor also showed a siznilicant increase in basal
stgnaling compared 10 the wild Ivpe receplor (signal in the abscnce of added lizand
P23 (Pieure 340 This shightby hrgher basal response was sugpeslive of conslilutive
activily since expressiom and maximum binding were bath simalar 1o those of the wild tvpe
receplor.  Activalivn and signal transduetion through a GPCR involves rearrangement and
arientation of residucs, helices and receptor domains 10 allow interaction of the receptor with
the (G protein, This ts asually achieved when the receptor binds 1o i1s ligand, However, there
ts evidence to support the fact that activation of intracellular messengers in many wmembers of
this amitly of receptors can oceur in the absenee ot agenist, Though some receptors naturally
gxhibit agonist independent sctivalion. constitutive activity of many receptors result from
mutations of certan residues n ditleranl regions ol the receptor (Colecchia ef af., 19H:
Kiclsherg e e, 1992 Cohen ef ado 993 Ren ef el 993 Samama ef ol 1995 | logger or
al  1995; Artas ef ol 20030 Typically, mutations involving the Aspartic/Glutamie acid ol
the DRY motil have been shown to conler constitutive aclivily in many receplors {Cuohen ef
af 19973 Scheer ef of.. 19960 Rasmussen o ol 19991, I the oo y-Adrencraic receplor
svslomaric subtitution of Ala293 in the C terminal parl of the reeeptor 10 the other 19 amino
acids conferred variable levels of constitulive activity (Kjelsberg ef of ) 1992),  Simifar
mutations iduced constitulive aclivities i the aaa- and [3- Adrenergic receptors (Ren er ol

1993: Samama ef wi.. [993)

Cuonsttutive activity has been demonsailed o have varyving effects on ligand binding
aflinities, 1n some receprors, it was shown o cnhance binding affinity o agonist whercas
others cause a decrcase in affinity which may be an indication of a conformarional shift of

the cxlracellular domains mvolved i the bindimg site (Gelher. 200 Aras ef af . 20050 In

94



CCRE, a mutation [rom Lhreonjne in the highly comserved TXEP motif {The-82) (o proline in
TMZ conlerred constitutive activity 1o the receptor with varving atiinitics [or the dilferent
CORS ligands, Mutation of this threontne residue to Ivsine also showed a strong constlulive
activity but was iimpaired i s responsiveness and showed decreased alfinitivs for the
natural lipands of CORS (Govaerts et af, 2001 Arvias of af, 20030 In the case of the
Are225C|n mutant i this study, the inereased basal activity did not alieet its binding aliinity

Toor MIP-1[5 ¢ tiaure 3.7,

In terms of expression. the presence ot the bulkicr aromutic Phenslalanine did not
have any effeet on (olding and tralficking of the receplor e the surface of the cell. This
mutant showed snmifar expression as the wild type receptor (Figure 5.8 and Table 325 Thus
if the Leucing at Lhis position 18 involved in any interaction that atlects receplor tolding and
tralficking, it is likcty to be hydrophobic interactions regardless of the size of the
hydrophobic groujp. The mutation (Arg223Giln} at the third intracellular loop also showed a
similar expression pattern as the wild tvpe receptor (Fgure 3.83, A stmilar expression resuit
was abtained for an avgining to glutaming mutation at pasition 223 (Arg223GIn) in the same
repion of the receptor.  This suggesis that the positive charges of the arginines at these

pasitions may not be important for reecpior folding and tratficking to the cell surtiee.

Buoth the Leul®7Phe and the Arg223GIn showed similar fusion resufts as the wild
tepe recoptor (Fipure 4.4% Tas suppests that the ame acid changes at these positions <id
ned alter the conlommation of the receplor eeessary Tor imleraclion with the TV -1 cnvelope
protein. Fherelore, the Tusion ethoieney ol the CORS receptor was not allected by either the
presence of o large hydrophobic side chain ar position 107 at the third transmembrane

domain or a glutamineg at position 223 at the third intracellylar loop.

The muttion invelving a change ITom a charoed aspartic aeid residue at the extrems
Neterminus {position 2) o a bvdrophobre valine residue (Asp2ZValt caased decrease m
functivnal response 1o chemoking (Figure 3.3) This mutant receptor showed a decrease in
hoth Emaxs (7306 and 3499 and HO3s (203+] 78nkt and 26E=170.3) o MIP-lo and

EANTES respectively compared to the wildtvpe receptor (Bmax. 14,032 and 3990 and
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|998). This 15 conststent with our fusion result for a valine substitution at 1his positiot which
reduced the Jusion abibity of the subtype B (YU2) and subtvpe C (MOLED and DLEST)
envelopes, Thus the negalive charge ol Asp2 b important both Tor chemokine recepror and

HEY -1 coreceplor funclion.

I'he muration at the third intracellolar loop at position 225 Irom arginine to a stop
cadon feads Lo truncation of the receptor leaving just fve ransmembrane domains,  We
could not demenstrate any expression ol this receptor on the cell surface. Even though the
wild type and the other three muotants shewed increased cxpression on intracctlular
membrancs, FACS analyses carfied oul en permeabtlized cells transiected with Are223Stop
mutant showed thal there was no measorable intracellular expression ol this mutam receptor,
The Auerescent antibedy used to dercgt expression of CCRS (207 in this study is a
conformational  antebody which binds CCRZ only when 11 is folded in a particular
contormation, There 15 therelore a possibility that this receptor (Arg223510p) may be present
int Lhe cell suriace or on intracellular membranes but not folded in the confermation rhat is
recognised by 207 In terms of function. this muan. did not bind chemokine and did not
show any signalling response W chemokine. These resulls are comparable with the resubls
obtained lor the CCRSAI2 mutant whicli has pust four transmembrane domains. This mutant
which hias been associaded witl strong restitance 10 HIY bas of recent emerged Lo be a host
cenetic tisk [actor for [atal West N Yieas (WNY) anlection in humans (Diamond and
Klem, 2006 Glass ef el 20006, Lim ef ol 2000). Thus lack of CORS expression. while
prolecting agairst HIV-1 infection mayv pose a bigh risk in individuals in WNY endemie

arcas.

Binding of soluble 111V-1 envelope glvcoprotetn to CORS receprors are gencrally
thought to correlale with the luston potenbial ol the vicuses. [L1s however mmportant o note
that hindinz experiments are usually carricd oul using monomeric gpl20s whicl may not
represent The aclual role of the native trimeric 1inv as well as the potential contribution of the
gpd | ectodomatn (Choe ef af. | |998b). We therefore compared (he [usion efficiencies {using
[uil eovelope gploth ol wild type and mutant receptors with hinding alfiniides for gp1 20, Our
results showed that the aflunty for the wild tvpe receplor was lower than those of Lhe

LeulD7Phe and ArgZ50GIn mutants which showed simifar Iusion as the wildivpe receptor,
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These two mutants were oxpressed at similar levels as the wildtype receplor thus expression
wits not g determining lactor of the differences in alfinity. No binding was obscrved lor the
Asp2Wal inutant probably due to low expression or low conceniration of the gpl 20, Fyven
theugh we experieneed similar fusion efficiencics Tor the wild 1vpe and the Leut07Phe and
Arg223GIn mutants, we also expericneed a trend inall mulants (except the Arp225Swp
mulant) Lhat indicated that the subtype B evclope lused less elficiently than the subtyvpe €
envelopes (Figure 4.4 These results suppoyt the fact that subivpe € viruses have higher
affimties for CCRS than <ubtype B virases subtypes {Renjifo ef «f . 1998 Neilson ef i,

FEILILEY,

5.2 Conclusion

Four natoral mutations of the CORS reeeptar were analvsed in this study. Two of the
mutatiems (Leul071he and Arg225GIn) produced reeeptors that were expressed at similar
levels as the wild type receplor. Functional responses to chemokine ligands and binding
allimtics for those two mutant receptors werd comparahle to that of the wildtvpe, They also
showed comparable LITV-1 fusion efficiency us the wild type receplor (Figure 4.4 but their
atfinities for gpl 20 were higher than that of the wild tvpe (Vigore 483 11 is noteworthy thal
hinding of saluble T1I'V-1 envelope giveaprolein to CCRS receptors are generally thousht to
be comparable with the fusion potential of the virnses. 11 s hoawever important 10 note thal
binding experiments we usuatly performed using monomeric gp 120 which may not reflect
the acioal role of the native rimeric Fov as well ag the potential conteibutory role o the apdl

cetodomarn (Choc ef af . 195380,

Chne muation (Asp2¥al) produced a receptor that showed bow expression, reduction
in chemokineg induccd signalling, decreascd chemoking hinding atfinity and low Tusion
etficiency for both the subiype B and subtype © enveiopes. The last muiation {Arg2235op)
which trincates the recepor 1o just five lransmembrane domaing was nol expressed on the
cell surface. did not bind nor respend functionalty w chemokine lipands, No tusion activity

wias obseryed for this mutant receptor,
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Together, these results suppest different effects of murations on the lunciioning of
CCRS both as a chemokine receptor and as an HIV-1 co-reeeptor. Even though some
mutations did not bave any effcet on Junction. 1L may be possible thar some slight
modifications of the propertics of the receptor may have oceurred that could not be delecled
by the assays performied. s alzo of interest W note that experiments pecformed i it
imay pive an ndication of the lunctioning ol these receplors but may not necessartly rellect
the actoal effects m individuals carrying these muotations, |lowever, our in vitro studies
suggests that individuals who are homozygous “or the Asp2 Val mutation might show reduced
ability for their CCRS to bind chemoking which also leads to decrease 1o signalling function.
They will also show decreased ability of their CURS 1o bind gpl20 and decreased ability of
their CCRS to mediate HIV fusion. Individuals homozyveaus for the Are225510p mutant. as
with the CCR3A32 mutation will be resistant o HIV infection, Their CCRS will be non-

functional.
It will be of interest 1o do a wider population analvsts of these mutations that showed

alteration of CCRS tunclions to determine the elfect of homozygousily and heterozyzousity

of these mutations on HHY-1 infection and progression o ATDS.
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