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ABSTRACT

Cell-associated Heparan SulphgHS) binds the V3 loop ajp120 of HIV-1 thus aiding in

viral infectivity. However, a soluble polyanion (3% has anti-viral properties once
conjugated to CD4 (mCD4-Hg, and showed nM aigity against HIV-1 in vitro.Due to the
structural complexity of HS, seening differently sulphated-oligosaccharides to improve the
molecule’s activity would be too cumbersontayg in order to obtain a more specific, higher
affinity and easier to produce moiety, collaborators synthesized HS mimetic peptides. We
aimed to screen these peptides and other aninalecules for their capacity to inhibit HIV-1
entry. Thus we set-up a piatm whereby solubilised CCR5 and CXCR4 were immobilized

on biosensors (biacore) and used to screen for molecules that inhibited gp120-CD4 binding to
the coreceptors. To controlefsolubilizationprocess, CXCL12, the natl ligand of CXCR4,

was injected over the immobilized CX@RThe affinities of CXCL12 isoforms.(and ) for
CXCR4 were calculated within the ranges peviously described Waes with different
techniques thus proving the functionality aair system. We show for the first time that HS
differently regulates the binding mechanisms of these two isoforms and we propose a novel
mode of action for the unusualbasic C-terminal of CXCL12 with CXCR4. The system

was subsequently used to screen the inmpitapacity of the HS mimetic peptides. Each
peptide, [S(XDXS)n], contained amino aciti&t mimic the hydroxylcarboxyl and sulphate
groups on HS chains. The peptide containiniptstyrosine residues, when conjugated to
mCD4 (mCD4-P3YSg), displayed nM |G for simultaneously inhibiting gp120 binding to

HS, CD4, antibody, coreceptors and HIV-1 infectiorvitro. This is the first bivalent entry
inhibitor that targets both R5 and X4 virusex the concept of a HS-mimetic peptide lends
itself to structural-functional anais of HS chains binding tproteins, a novel technique in

this field.

La gp120 du VIH-1 se fixe aux héparane sulfat8)Eellulaires, par le biais de la boucle V3
ce qui favorise linfectivité viraleCependant, une polyanion solubles {khlSconjugués a
CD4 (mCD4-HS,) a des propriétés antivirales et a moimregitro une activité contre le VIH-

1 a de concentrations nM. En raison dectamplexité structurale des HS, le criblage
d’'oligosaccharides différenciellement sulfatésipaméliorer I'activitéde la molécule serait
trop difficile. En vue d'obtenir unenolécule plus spécifiqgue, daus haute affiité et plus
facile & produire, des peptides mimant lesdiété synthétisés parsoollaborateurs. Notre

but était de cribler ces peptidesur leur capacité a inhiber lteée de VIH-1. Nous avons mis

en place une plateforme permettant d'iobiiser CCR5 et CXCR4solubilisés sur des
biocapteurs pour cribler des molécules quitsehit la liaison de gp120D4 aux corécepteurs.
Pour contréler le processus de solubil@at CXCL12, le ligand naturel de CXCRA4, a été
injecté sur CXCR4 immobilisé. Les affinités des isoformes CXCL1& () pour CXCR4 ont

été calculées dans les fourchettes de vslguécédemment décrites avec des techniques
différentes prouvant la fonctionrtél de notre systeme. Nousorirons pour la premiere fois
gue les HS régulent differemment les mécanismes de liaison de ces deux isoformes et nous
proposons un nouveau mode d'action pour le dam@ierminal particulierement basique de
CXCL12 \vis-a-vis de CXCR4. Le systeme a ensudté utilisé pour cribler la capacité
d'inhibition des peptides mimétiques du HS. Chaque peptide, [S(XDXS)n] contient des acides
aminés qui imitent les groupes hydroxyles, boayles et sulfates des HS. Le peptide
contenant des résidus sulphotyrosine® fois conjugué a mCD4 (mCD4-P3Y$§Qmontre

un 1Gspde I'ordre du nM, pour l'inhibition simultanée de la liaison de gp120 aux HS, a CD4,
aux anticorps, aux corécepteursisaique l'infection par VIH-1in cellulo. 1l constitue le
premier inhibiteur bivalent de I'émée qui cible a la fois les virus R5 et X4 et le concept d'un
peptide mimétique des HS se préte a une anatyseturale et fonctionnelle de la liaison des
chaines HS aux protéines, une nouvelle technique dans ce domaine.
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A: INTRODUCTION






Chapter 1: HIV
1.1 The Global HIV/AIDS pandemic

1.1.1 Discovery and epidemiology

Acquired Immunodeficiency Syndrome (AH) was first detected in May 1981
among four homosexual men in Los Aftege United States of America who
presented with infections such d@neumocystis carinii pneumonia (PCP),
Kaposi’'s sarcoma, prolonged fever and Candida infections (1981; Gottlieb,
Schroff et al. 1981). The apparent sdkuaransmitted immune deficiency in
these patients was thought to be duecytomegalovirus (CMV) infections in
homosexual men, and called Gay-Reth Immune Deficiency Syndrome
(GRIDS) (1981; Gottlieb, Schroff et al. 1981ymes, Cheung et al. 1981; Masur,
Michelis et al. 1981; Siegal, Lopez et 4B81). However, this disease was not
only seen in homosexual men; by 1983 up® of intravenous drug abusers,
individuals receiving blood and blood goucts and heterosexual Haitians in
America, presented with AIDS (1982; Harris, Small et al. 1983).

The causative agent of AIDS is a retrovirus that was first isolated from patients
and demonstrated cytopathic effects on CD4cells, which was clearly distinct
from the Human T-cell leukaemia virgsiTLV) and was thus classified as a
Lymphadenopathy-Associated VirugLAV); thus a member of the T-
lymphotropic retroviruses(Barre-Sinoussi, Chermann et al. 1983; Gallo,
Salahuddin et al. 1984; Galland Montagnier 2003). This virus is now called
Human Immunodeficiency Virus (HIV)the etiologic agent of AIDS. HIV-1
crossed the species barrier from chingess to humans during the early twentieth
century and has since infected millions of humans. Origins of HIV-1 have thus
been linked to the simian immunodeficiency virus (SIV) from the genus
Lentiviruses of the family Retrovitae (Chakrabarti, ®ader et al. 1987;
Desrosiers and Ringler 1989; Gao, Bailes et al. 1999; 20@)). Currently, one
percent of the world’s population is @dted with the worlds’ fastest evolving
pathogen, HIV-1 (Korber, Muldoon et al. 2000).

AIDS is characterized by th@ogressive depletion of CD& lymphocytes which
play an important role in establisig and enhancing the cell-mediated and
humoral immune response (Gottlieb, Sifhret al. 1981; Siegal, Lopez et al.
1981). When individuals suffer severenw#ge to their immune system, their
vulnerability to opportunisti infections (Ols) and mahancies is heightened due
to the loss of the individlsi ability to mount an #ective immune response.
Ultimately death results after many years of untreated infection (Gallo,
Salahuddin et al. 1984).

As worldwide efforts to create awareness, prevention and treatment programs
increase, so does the total number of people living with the virus. According to
the UNAIDS report on the global epidemit2010, there were 2.6 million newly
infected people in 2009 and 1.8 million Al@®aths, bringing the total number of
people living with HIV-1 as reporteat the end of 2009 to 33.3 million (UNAIDS
2011). These figures are almost eqlewa to 7,123 new infections and 4.931
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deaths per day due to AIDS. The emergence of this pandemic has arguably been
the most catastrophic event in medicine in the last 30 yemysré 1.).

While all countries are currently fightingghmpact of this disease, sub-Saharan
Africa, and Southern African particular continue tdear the greatest burden of
people infected with and affected ByiV-1. Just over 10% of the world’'s
population inhabits sub-Saharan Africa,t yhis region is home to 67.5% of
people living with HIV-1 worldwide. In2009, new infections in this region
totalled more than those in all other regions of the world combined. In South
Africa there are an estimated 5.6 milliorieicted individuals which represents the
largest number of individuals livingitk the virus in a single country.

Figure 1.1Diagrammatic representation of the global prevalencef HIV infected adults and
children living with HIV at the end of 2009 (UNAIDS 2011).

1.1.2 Heterogeneity

Genetic diversity of HIV-1 exists along the entire length of the genome between
viral isolates from differenindividuals and between virguasispecies within the
same individual. The unique and unstablarelteristics of HIVL are its inherent
variability and capability ofgenerating quasispecies asdirect result of two
features; lack of a proof-reading mecisam by the viral reverse transcriptase
(RT) enzyme during replication (RobgrtBebenek et all988) and its rapid
replication rate (Ho, Neumann et 4095; Wei, Ghosh et al. 1995). The error
prone RT has an estimated misincorporfiinsertions/deletions) rate of 1 x“10

- 3.4 x 10° per base pair per replication oy (Preston, Poiesz et al. 1988;
Roberts, Bebenek et al. 1988; Nowk90; Pathak and Temin 1990; Mansky and
Temin 1995; Mansky 1998). This equatesabout one nucleotide being miss-
incorporated per replication cycle 6f7 kb. This process is exacerbated by the
high production of approximately 1 x f0viral particles daily and in the absence

of proof-reading mechanisms, this riésuin extensive viral heterogeneity
(Preston, Poiesz et al. 1988; Coffin 1995; Ho, Neumann et al. 1995; Wei, Ghosh
et al. 1995; Perelson, Neumann etl®96; Zhang, Schuler et al. 1999).



Recombination between two RNA genesn also results in major gene-
rearrangements and generation of diveraitthin the subpopulations within the
host (Jung, Maier et al. 2002; Zhuang, tletzal. 2002; LevyAldrovandi et al.
2004). Together, these featurmdbow HIV to rapidly mutse its genome, enabling
the virus to constantly evolve and irase genetic varialdji. This impacts on
factors such as the gegpic viral diversity amongst tferent isolates, immune
escape and emergence of Antiretrov{fsiRV) drug resistance (Mansky 1998).

1.1.3 Origins and Classification

To date, two main types of HIV have been identified with origins as zoonotic
lentiviruses; HIV-1 is believed to have originated from a &kfrom the
chimpanzee Ran troglodytes) population (Gao, Baleet al. 1999; Santiago,
Rodenburg et al. 2002) and HIV-2 is belidwe have originated from the Sdy
sooty mangabeyQercocebus atys SIV infections orignated from mangabeys
and ppears to be non-pathogenic, howe®V causes AIDS-like symptoms in
the Asian rhesus macaques (Gao, Yual.e1992; Rambaut, Posada et al. 2004).
HIV-1 and 2 are transmitted in the same fashion yet HIV-2 has a lower rate of
transmission, longer asymptomatic perexad lower viral load; hence it is less
pathogenic (Pepin, Morgan et al. 19%arlink, Kanki et al. 1994). HIV-2 is
endemic in West Central Africa and téeaser extent elsewhere in the world such
as Europe and the West coast of in(Rubsamen-Waigmann, Briesen et al. 1991,
Babu, Saraswathi et al. 1993jowever, HIV-1 predominates worldwide and has
a three times higher mortality rate thidh/-2 (Whittle, Morris et al. 1994).

In addition to the two main types of HIYyrther classification systems have been
constructed from the copious phylogenatata analyses of the many strains of
HIV-1 and HIV-2 isolated and analgd worldwide. There are four sub-
classifications for HIV-1: groups, ubtypes, sub-subtypes and circulating
recombinant forms (CRFs). Of thgroups, the Major gup (Group M) is
responsible for the curregtobal pandemic (98% of HIV-1 infections worldwide)
and the Outlier Group (Group O) and New group (Group N; consisting of non-O
and non-M viruses) are less globally dstited. Groups O and N are genetically
both highly divergent from group M andapely distributed in Cameroon and
West Central Africa (Charneau, Bormanaét1994; Mauclere, Loussert-Ajaka et
al. 1997; Peeters, Gueye et al. 199imon, Mauclere et al. 1998).

Group M is further subdividedp into 9 distinct subtypes, namely A, B, C, D, F,
G, H, J, K wherein there are two saif sub-subtypes Al, A2 and F1, F2
respectively (Louwagie, McCutchan et #093; Robertson, Anderson et al. 2000).
The emergence of Circulating Recomdmb Forms (CRFs) has resulted from
many recombination events between diffeérdIV-1 viruses and already 34 CRFs
have been described (Karlsson, Parsetyal. 1994; Casado, Thomson et al. 2005;
2007). These viruses shareidantical mosaic structure in their genomes as they
have descended from the same recoatimn events (Robertson, Anderson et al.
1999).

Phylogenetic analysis has revealed tha origin of HV-1 came from four
different cross-species transmissions fronimpanzees and one or two of these
transmissions have been by gorillashd® and Hahn 2010). It is generally
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accepted that humans became infected HIV-1 due to an inter-species

transmission between SIV infected primates and humansaffipeople used to

ingest simian meat that they huntedamquired at "bushmeat markets". In this
way, they were exposed to the contaminated meat.

1.1.4 Transmission

HIV-1 is transmitted through bodily fluidsuch as blood, semen and breast milk.
Thus there are several pathwaysotlgh which the virus can be transmitted
between human beings; sexual transmission is rtiwst common type of
transmission. The epidemic in sub-Sahakéica, which is responsible for almost
70% of the global infected population, isought about (for the majaroity) by
heterosexual transmission. However, America and Europe, the epidemic is
largly due to homosexual transmissigkccording to UNAIDS, the sharing of
infected needles among injection drug g8s@bU) is responsible for more than
80% of all HIV-1 infections in Eastern Eape and Central Asia. Another mode of
HIV-1 transmission, also rife in sub{&an Africa, is the transmission from
mother to child during natural child bireand during breaseéding in conjunction
with the use of formula milk.

1.1.5 Disease Pathogenesis and Progression

HIV-1 infection is characterised by aagiual deterioration in immune function
and ultimately AIDS. Pathogenesis studies of HIV-1 explore the diverse
mechanisms that lead to this immusystem destruction and understanding how
the virus establishes infection is essential to the identification and development of
effective therapeutics and vaccines.

HIV-1 infection consists of an initial atziphase of infection followed by a period
of clinical latency and firlly a chronic phase. The acute phase is characterised by
an increase in viral RNA (viral loddind the consequent decline in CDHcells

in peripheral blood (Clark and Shaw 199Bhe activation of the immune system
subsequently results in the suppressidrviremia to a low steady state level
termed the viral setpointand an increase in CDA cells. During the clinical
latency phase, viral load as well as the number of ‘CD4ells may remain
constant for several years with thetipat remaining largely asymptomatic.
However the steady replication of HIV particles eventually overwhelms the
immune system, resulting in a gradualeriin viremia and a steady decrease in
CD4" T cells until the patient is sevéyeimmunocompromised, resulting in
increased susceptibility to opportunisiidections and the development of AIDS
(Figure 1.2.



Figure 1.2 Early after primary infection there is widespreaddissemination of virus and a

sharp decrease in CDA T cells count in peripheral blood. The host launches an immune
response to HIV-1 characterised by a decrease detectable viremia followed by a prolonged

period of clinical latency. The CD4 T-cell count continues todecrease during the following

years (in un-treated patients), until it reaches a critical level below which there is a
substantial risk of opportunistic infections (Pantaleo, Graziosi et al. 1993).

1.2 The structure and Life cycle

1.2.1 Viral particle and genome

An intact, mature T-lymphotropic HIV-1 retvirus is spherical in shape, with a
diameter of approximately 80 to 120 r{Barre-Sinoussi, Chermann et al. 1983).
As in all retroviruses, HI-1 has two copies (diploid) of identical plus-strand
genomic RNA. The viral regulatory, rattural and accessory proteins and
enzymes are encoded by 9 partially oygpiag genes spanning approximately 9.7
kb of genetic materialRigure 1.3. These 9 open reading frames code for at least
16 distinct proteins. Three of these genes encode structural proteins; Gag [group-
specific antigen], Pol [polymerasahd Env [envelope]), encoded &g, pol and
envrespectively. The Gag protein precursoclsaved by the viral protease into
the p17 matrix (MA), p24 capsid (CA),dtp7 nucleocapsid protein (NC) and the
P6 protein essential for viral assemblya(Ser-Pornillos, Yeageat al. 2008). The

Pol protein is also cleaved by viral prases to yield the protease (PR), reverse
transcriptase (RT), RNAse and integrase (IN) enzymes which are all involved in
the viral replicaton (Hill, Tachedjiaret al. 2005).

The gp160 Envelope (Env) glycoproteirclsaved by furin into the surface gp120
and transmembrane gp41l subunits, whacd necessary for binding to the host
primary receptor, CD4, and coreceptors CCR5 and CXCR4 on the surface of
CD4" T cells. There are two genes thahcode regulatory proteins; (Tat
[transcriptional transactivator] and Rewequlator of virion gene expression]).
There are also four genes that encode ssmg proteins (Vif [viral infectivity
factor], Vpr [viral protein r], Vpu [vial protein u] and Ne[negative factor])
(Frankel and Young 1998; Turner and Summers 1999). The viral envelope
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encases a matrix protein membrane (p17)M#hich provides further structure to
the virion as well as encompasses 8iegle layer of structural capsid/core
proteins (p24/CA). The capsid contaitise viral RNA, PR, RT heterodimer
(comprised of two subunits; the RN&ASH (p66) subunit and the RT (p51)
subunit), and INKigure 1.3.

Figure 1.3 HIV structure and genome organisationthe 9 viral genes are depicted (9.7 kb)
which encode open reading frames for at &st 16 structural, regulatory, accessory and
enzymatic proteins. Thegag, pol and env genes encode protein precursors (pr55, pr160 and
gp160 respectively) which require further processig by either viral or cellular proteases to
generate structural proteins necessarfor the formation of a mature virion.

1.2.2 Gp120

Viral attachment and entry into targeells is mediated by the envelope
glycoprotein (env/gpl160) whicls initially transcribed as a non-glycosylated
precursor (90 kDa).



The precursor is translated in the endoplasmic reticulum where it undergoes
folding, disulphide bond formationnd extensive glycosylation. About 31
oligosaccharide chains (rich in mannose) are attached to the gpl120 protein at
specific asparagine N-linked sites (Asn-X-Ser, Asn-X-Thr) and this glycosylation
represents about 50% of the total masthefprotein (Allan, Coligan et al. 1985).

The typical envelope glyprotein has approximately 24 N-linked glycosylation
sites in gp120 (Leonard, Spellman et al. 192@) well as threer four sites in

gp41 (Starcich, Hahn et al. 1986). Experimedtth has revealed the presence of
both complex-type, as well as highannose or hybrid-type carbohydrates on
gpl120 (Leonard, Spellman et al. 1990) areséhN-linked glycosylations play an
essential role in neutisation escape by HIV-1 (Figure }.4n this model, the
coreceptor binding site is aimed directly towards the target cell membrane and is
not glycosylated, and the carbohydratesven here represeapproximately half

the carbohydrate on gp120, withe rest extending furer from the gp120 surface
(Kwong, Wyatt et al. 2000). The glycan shield protects thal @nvelope from
surveillance by the host immune systasithe glycans are lowly immunogenic,
contrary to the highly immunoge viral proteins. This gican shield can evolve

and change rapidly, thus evading detection by the host immune system.

Figure 1.4 Model of gp120 trimer from theorientation of the viral membrane. The gp120
core is a copper brown and carbohydrate a@ structures are blue. Picture taken from
(Kwong, Wyatt et al. 2000)

After glycosylation, the gpl6precursor is cleaved by convertases; furin and PC7
in the golgi apparatus into the gpl20gp4l heterodimer, the surface and
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transmembrane subunits respectively (Veronese, DeVico et al. 1985; McCune,
Rabin et al. 1988; Willey, Bonifacino et al. 1988; Stein and Engleman 1990; Earl,
Moss et al. 1991). The host proteases bind to a highly conserved arginine-rich
cleavage site junction situated betwedbka gp120 and gp4l peptides (Veronese,
DeVico et al. 1985; Starcicklahn et al. 1986) (Figure 1.5 A).

Once the precursor protein is cleavgd120 associates non-covalently with gp41
in trimeric clusters which are trgmsrted onto the surface of budding virions
(Stein, Gowda et al. 1987; Centeeapman et al. 2002). Cryo-electron
microscopy has demonstrated that despiddhge variation, #re are on average
14 trimeric spikes per virion which appédarbe clustere@hu, Liu et al. 2006).

1.2.3 Structure of gp120

The gp120 envelope protein can be recognireds five conserved regions (C1-

5) and 5 variable (V1-5) regions witt8 highly conserved sgeine residues (9
disulphide bridgesfModrow, Hahn et al. 1987; baard, Spellman et al. 1990).
Since the advent of the structure determination of gp120, major advances have
been made in understanding viral patheegs and the design of novel HIV entry
inhibitors. Due to the extensive glygtetion of the viral envelope and the
presence of poorly organized variabt®ps, crystallographistudies have been
enormously challenging. The first crylss&ructure of gp120 (HXBc2) core protein
was achieved by utilizing a truncated foon120 (variable loops V1, V2 and V3
removed) in complex with domains D1 and D2 of CD4 as well as a fragment
antigen binding (Fgb17b region to stbilize the compleXKwong, Wyatt et al.
1998). Later in 2000, the structure of a diffiet envelope (YU2) was determined
and in 2005 an HIV-1 envelope in colap with CD4 and a neutralizing antibody
enabled the elucidation of the V3 loop structure (Huang, Tang et al. 2005).

HIV-1 entry requires that gp120 bindsite primary receptor CD4 and one of the
family of G-coupled seven-transmembrane domain chemokine receptors,
principally CXCR4 and/orCCR5 (Alkhatib, Combadie et al. 1996; Choe,
Farzan et al. 1996; Deng, Liu et al. 19®%ranz, Rucker et al. 1996; Dragic,
Litwin et al. 1996). Upon bindingof CD4, gpl120 undergoes drastic
conformational rearrangements whiatauses the exposure/creation of the
discontinuous coreceptor binding site ©D4 induced site (CD4i) (Dalgleish,
Beverley et al. 1984; Klatmann, Champagne et al. 1984addon, Dalgleish et al.
1986; Thali, Moore et al. 1993; Kwong, WY&t al. 1998; Myszka, Sweet et al.
2000; Center, Leapman et al. 2002). Reter Kwongs’ first structure of the
deglycosylated gpl20, two major donmirare revealed; an inner domain
(containing the N and C terminus) amadstacked double-barrel outer domain
(including the V4 and V%oops) (Kwong, Wyatt et all998). After CD4 binding,

the envelope undergoes a sfgrant re-arrangement which causes the exposure of
the coreceptor binding site; the innedayuter domains of gp120 pull together in
order to form the anti-paralled 4 strandefridging sheet (Myszka, Sweet et al.
2000). Here, the CD4 is bound at the ifdee between the two domains and the
CDd4i site flanked by the V1, V2 and M8ops is oriented towards the cellular
membraneKigure 1.5C) while loops V4 and V5 argtuated in the outer domain.
The CD4 un-bound state is also depicted, taken from Chen et al., 2005 where they
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solved the structure of SIV envelope glycoprotein in the absence of CD4 and thus
the bridging sheet is not foed (Chen, Vogan et al. 200Fjigure 1.1).

Figure 1.5 Architecture and structure of gp120. (A The gp160 protein is cleaved by furin to
produce gp120 (Env, binds to CD4 and theoreceptors) and gp41 (transmembrane fusion
protein). Crystal structures of unliganded (B and liganded (C) gp120 adapted from Kwong
et al (Kwong, Wyatt et al. 1998) and Chen et a[Chen, Vogan et al. 2005)

Thermodynamic data has shown that gp120 undergoes a significant global re-
arrangement upon CD4 binding, about 126 re=sdare re-orgaresl and that in

this CD4-bound state, the peit is much more stable and rigid compared to the
unbound state (Myszka, Sweet et al. 20B8pu, Xu et al. 2007). Oligomeric
modeling of gp120 suggests that the vdadbops and the CDand neutralizing
antibody binding epitopes are exposedioa gp120 before HIV-1 entry (Kwong,
Wyatt et al. 2000). The model also stowhat the non-glycosylated coreceptor
binding domain is directed towards the host membrane with the CD4 molecules
binding at angles so as nti sterically hinder eaclther. Thus this model
proposed simultaneous binding of CD4 and the coreceptors to the trimeric gp120
heads. In order to obtain a clearer picture of how the envelope complex moves pre
and post CD4 binding, Wu and colleagues have reconstruct@®theuctures of

the unliganded and CD4-bound HIV-1 spikesing structuralcryo-electron
microscopy approaches (cryoEM), showthgt the unliganded spike has a tripod
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structure with distinct legs occupidady N and C termini (N/C) and the roof

occupied by the variable loops. This tripod structure drabfi changes when

CD4 binds, as the base of the tripod bees more dense with the variable loops
h

Figure 1.6 (Left) Fitting of the unliganded gp120 core (crystallographic structure) into a
cryo-EM reconstruction of the unliganded HIV-1 spike. The outer and inner domains of the
core gp120 are coloured red and gray, respectly, and the N/C extension blue. The stub of
the V1/V2 loop is orange, whereas the stem of thé3 loop is green. The stems of the loops are
additionally indicated by orange and green arrows. (Right) Fitting of the CD4-complexed
gpl120 core to cryo-EM reconstruction of te CD4 bound HIV-1 spike. CD4 binding loop
(residues 364-374) are shown as spheres in yallgleft) and full length CD4 is in yellow on
the right. Scale bar represents 50 A. Adapted from Wit al.(Wu, Loving et al. 2010)

1.2.4 The V3 Loop

In 2005, the crystal structure of gp120 domplex with CD4 and an antigen-
binding fragment (Fab) of the X5 antiboflyroadly neutralizig antibody directed
against coreceptor-induced gpl120 epitopes) was published revealing the third
variable loop (V3 loop) which plays aritical role in coreceptor usage
determination of HIV-1 and host cellofsism (Hwang, Boyle et al. 1991; Chan,
Speck et al. 1999; Shimizitjaraguchi et al. 1999; Hiey, Klasse et al. 2005;
Huang, Tang et al. 2005). The V3 regioussially 35 amino acids in length [(31-
39) amino acid positiong through 35 correspond @96 through 332 in the
standard reference HXBc2] with a conserdeiilfide bridge at its base, a flexible
stem and a -hairpin tip. It is characteristically highly glycosylated and
hypervariable however, a conserved Prolir@lycine motif on the tip of the V3
loop projects 30 A towards to host cell membrane from the gp120 core.

This allows interaction of a four-strardi®ridging sheet with the N-terminus of
the CCR5 coreceptor; as the V3 tip binds to the Extracellular Cellular Loop 2
(ECL2) of CCR5 and the conserved basieracts with the sulphated CCR5 N-
terminus (Huang, Tang et al. 2005; iHga Lam et al. 2007). An indication of
coreceptor usage can be made by amadyshe sequence of the V3 loop; the
CCRS5 utilizing phenotype may be predattén many cases, but not all) by the
presence of a neutral amino acid atip@s 11 in the V3 loop as well as a
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negatively charged amino acid at positid5 (De Jong, De Ronde et al. 1992,
Fouchier, Groenink et al. 1992; Milich, Mplin et al. 1993; Fouchier, Brouwer

et al. 1995; Xiao, Owen et al. 1998; Ho#m Seillier-Moiseiwitsch et al. 2002).
Conversely, if a basic amino acid is found at position 11 and/or 24 and 25, this
overall positive charge will strongly nelate with CXCR4 utilizing phenotype
that binds to the negatively chargedideies in the CXCR4 ECLs, however the
absence of these positive residues dussrule out CXCR4 usage (De Jong, De
Ronde et al. 1992; Fouehi Groenink et al. 1992Shioda, Oka et al. 1994;
Fouchier, Brouwer et al. 1995; Milich, Man et al. 1997; Hoffman, Stephens

et al. 1998; Brumme, Dong et al. 20Btumme, Goodrich et al. 2005).

There are two potential N-linked glycosita sites within the HIV-1 subtype B
V3 loop reference sequence; one appeathaiN-terminal near the base of the
loop (N-linked glycosylation site) anddlother is found from position 6-8 (NNT).
The latter, has been implicated in CCRSage and decreasing sensitivity to
antibody neutralization @&k, Smit et al. 1994; Schomg, Jansson et al. 1996).
The loss of this N-linked gban is associated with leBgquent use of the CCR5
coreceptor and in some cases, lack @& ¢fycan is associated with exclusive
CXCR4 usage (Ogert, Lee et al. 2001; Polzer, Dittmar et al. 2002).

During the course of HIV-1 infection, the transmitted virions initially enter target
cells through the usage of the CCR5 coreceptor (Schuitemaker, Koot et al. 1992;
van't Wout, Kootstra et al. 1994), howeteese virions may acquire the ability to
use CXCR4 to enter the host cells (Karlsson, Parsmyr et al. 1994; Connor,
Sheridan et al. 1997; Huang, Eshlemaralet2007) — this change in tropism is
generally associated with a fasterogmression towards AIDS. This switch in
coreceptor use can sometimes be atteithuto mutations within the V3 loop
(Hartley, Klasse et al2005). Although mechanisticallgnd structurdy it is
generally unclear how CXCR4 tropism is determined, the acquisition of positively
charged residues in the V3 stem and apshother Env domains such as the V1
/V2 and gp41 may also contribute to aptor switching (Groenink, Fouchier et

al. 1993; Koito, Harrowe et al. 1994; Koito, Stamatatos et al. 1995; Carrillo and
Ratner 1996; Ross and Cullen 1998; Ogeek et al. 2001; Paste, Nedellec et

al. 2006; Huang, Toma et al. 2008).

1.2.5 CD4

Cluster of differentiation 4 (CD4) isteansmembrane glycoprotein (59 kDa) and
belongs to the immunoglobulin superiily (Maddon, Littman et al. 1985). CD4

is expressed on T helper lymphocytesacnophages, monocytes, langerhans cells,
dendritic cells and microglial cells. CDebnsists of an extracellular region, a
transmembrane region and a cytoplasmic region which is associated with a
tyrosine kinase p5&. The extracellular region oED4 is composed of four
immunoglobulin domains (BD,). D; and 3 are variable immunoglobulin
domains (IgV) and Pand D, are constant immunoglobulin domains (IgC). All
the domains, exept forgDposses disulphide bridges at their bases anahD D
posses N-linked glycosylations (Maddornttinan et al. 1985; Clark, Jefferies et

al. 1987; Maddon, Molineaux et al. 19810D4 on the surface of T helper
lymphocytes, interacts with the-domain of MHC class Il molecules via its D
domain and increases the avidity between the T lymphocyte and the antigen-
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presenting cell. In addition, the IL-16 chekne binds to CD4 which plays a role
in T-cell chemotraction (Crughank, Kornfeld et al. 1998).

The progressive loss of circulating Tddgmphocytes is the hallmark of immuno-
deficiency marked by disease and thus the focus of much research. This is what
drove the discovery of CD4 being the primary receptor for HIV-1 (Dalgleish,
Beverley et al. 1984; Klatzmann, Chargpa et al. 1984) and that antibodies
targeting CD4 were able tdock HIV-1 entry. Througlsite-directed mutagenesis
and x-ray chrystallography, the binding site for HIV-1 was located in the D
domain of CD4. Most importantly, tw@sidues of CD4, Arg59 and Phe43, form
crucial interactions between gpl28daCD4. Arg59 interacts with a hydrophobic
pocket (Asp368 and Val430) of gpl20, ilehPhe43 interacts with Asp368,
Glu370, 1le371, Asn425, Metd426, Trp427dalyd73 (Kwong, Wyatt et al.
1998).

1.2.6 HIV &Co &eceptors

Entry of HIV-1 into target cells is initiated by theteraction of gp120 and the
host cell surface receptor CD4 (Dalglei Beverley et al. 1984; Klatzmann,
Champagne et al. 1984), as mentioned previoumslyection1.2.3. This causes
large conformational changes in gp120, lasy in exposure of the V3 loop as
well as movement of the V1/V2 loop eading the previously masked coreceptor
binding domain or CD4 induced site (Cip4s well as gp41 epitopes (Sattentau
and Moore 1991). Although numerous eceptors have been identifigd vitro,
-chemokine CCR5 (Alkhatib, Combadiezeal. 1996; Choe, Farzan et al. 1996;
Deng, Liu et al. 1996; Doranz, Rucker et #96; Dragic, Litwin et al. 1996) and
.-chemokine CXCR4 receptors (Feng,0Ber et al. 1996) are the main HIV-1
coreceptors. Both these coreceptors are guanine nucleotide-binding protein (G-
protein)-coupled receptof&PCRs] that regulate migran of many different cell
types once bound to their chemokine pnotligands (Baggimi 1998; Buurman,
Bradley et al. 2001; Mackay 2001).

GPCRs are the largest family of cell s signal transduction receptors in the
human genome and are involved in a muli&wf systems from mediation of
physiological processes associatedthwimmunity, neuronal signalling and
homeostasis to regulation of cell development, maturation and death, rendering
them important targets for therapeutic and pharmaceutical intervention. This is
highlighted by the fact that 30% of all known marketed medicines and drugs
target GPCRs (Overington, Al-Lazikani @t 2006). In ordeto better understand

and design inhibitors of the gp120-CD4-GP@i#eraction, structural data at the
atomic scale is requiredrfthese large hydphobic GPCRs.

From the three dimensional structucddacteriorhodopsin and rhodopsin, related
GPCRs (CCR5 and CXCR4) are predicted to corgasen membrane-spanning
.-helices which assume a barrel shapéhm lipid bilayer as a result of the two
potential extracellular disulphide lingas linking their extracellular N-terminus
and intracellular C-terminus. Recently, \Wual.,determined the crystal structures
of several CXCR4 homodimers in complex with small molecules, confirming the
tertiary structural predictionand bringing to light the amic level detail of this
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protein which is vastlsignificant and important fobetter understanding viral
entry as well as drug design (Wu, Chien et al. 20&@ufe 1.7.

Figure 1.7 Model taken from Wu et al., (A) This is a model of the entry complex in which the
crystal structure of the CXCR4 homodimer hasbeen placed below the structures of two
gp120-CD4 complexes. V3 loops are show in magenta. (B) Close-up of the V3 loop (magenta)
binding to hypothetical sulphotyrosines (circkd in yellow) in the N terminus of CXCR4 at
site 1 which then induces further conformationalchanges in gp120 allowing the V3 loop to
interact with ECL2 and ECL3 at site 2. CXCR4 residues that have preéwusly been shown to
participate in gpl120 binding are shown in orange and the hypothetical path of the N
Terminus is shown as a blue dashed line, on the left of site 1.

CCR5 undergoe®-linked glycosylation (Farzamabcock et al. 2002) and during
mammalian expression, CCR5 and CXCR4 undéfgoked glycosylation at one
and two potential sites respectivgldelmreich and Hofmann 1996). The two
potential glycosylation sites in CXCR#Asn11l and Asnl176) were shown to be
important for X4 and R5X4 viralentry. Mutation of the two N-linked
glycosylation sites allows R5 viral eptthrough the CXCR4 (Chabot, Chen et al.
2000).

Both CCR5 and CXCR4 undergo tyrosines@phation in the N-terminal which

is thought to occur aftéd-linked glycosylation in ta case of CCR5 (Mirzabekov,
Bannert et al. 1999; Chabd@hen et al. 2000). Tyrosirgilphation is a relatively
widespread post-translational modificati that is found in secreted, lysosymal
and transmembrane proteins of multicklfuorganisms (Moore 2003). It has been
implicated as a determinant of protgretein interactions such as leukocyte
adhesion, haemostasis and chemokine signalling (Kehoe and Bertozzi 2000). The
prevalence of tyrosine sulphation is not known as there is no defined consensus
sequence defined for tyrosine sulphatibowever, the presenad an acidic or
neutral amino acid residue datly before a tyrosine the sulphated is correlated

with tyrosine sulphation and fordttase of CXCR3, CXCR4, CCR2b and CCRS.
The tyrosine which is about ten amino acids on the N-Terminal side of a
conserved cysteine, ®-sulphated (Liu, Louie et aP008; Stone, Chuang et al.
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2009). This process occurs in tinens-Golgi network and igatalysed by specific
sulphotransferase enzymes (Baeuerle and Huttner 1987). Up ¢b d¥%4yrosine
residues in the total protein contenttbe cell can be sulphated however, the
regulation of this post-#inslational modificatiors not well understood.

The modification on the tyrosine is credtby the transfeof sulphate from
adenosine 3’ phospho-adenosine 5 pimsulphate (PAPS) to the hydroxyl
group of the tyrosine to be modifi (Lee and Huttner 1983). In humans,
tyrosylprotein sulfotransferase (TPST-dnd TPST-2, catalyze this reaction and
TPSTs appear to be constitutivelytime. Both prokaryotic and eukaryotic
arylsulphatases exist andsige in the lysosome and might participate in the
degradation of a large array of tgme sulphated proteins, however, the
regulation of this enzyme is nkhown (Parenti, Meroni et al. 1997).

Entry of CCRS5 utilizing HIV-1 (R5) isolates depends largely on the amino
terminus and second extrdaér loop of CCR5(Atchison, Gosling et al. 1996;
Rucker, Samson et al. 1996; Doranz, Lalett997; Farzan, I®oe et al. 1997) and
all R5 isolates examined to date are geesto the loss of one or more of these
sulphates. Sulphations at residues @@ &4 in CCRS5 are sufficient to facilitate
interaction with HIV-1 (Cormier, Persudt al. 2000). Not surfsingly, sulphated
peptides corresponding in sequencethe CCR5 amino-terminus can slow
infection of R5 isolates (Cormier, Pats et al. 2000; Farzan, Vasilieva et al.
2000). This matter will be discussedrther in Section 2.5 (Therapeutic
applications of HS in HIV infection)In contrast, CXCR4 sulphation does not
seem to be indispensable for théemction of CXCR4 with HIV-1 gp120-CD4
(Lu, Berson et al. 1997; Picard, Wilkinset al. 1997; Farzg Babcock et al.
2002).

1.2.7 Viral Entry

Viral tropism (previously referred to agacrophage- or T-cell tropism) is linked

to coreceptor usage, with R5 viruses being M-Tropic and non syncytium-inducing
(NSI) and X4 viruses being T-tropic and syncytium-inducing (SI) (Alkhatib,
Combadiere et al. 1996; Choe, Farzan et al. 1996; Deng, Liu et al. 1996; Doranz,
Rucker et al. 1996; Dragic, Litwin at. 1996; Feng, Broder et al. 1996; Bjorndal,
Deng et al. 1997; de Roda Husman, vaneRal. 1999). R5 viruses are critical for
HIV-1 transmission as they infect CDZ Cells, macrophages and dendritic cells
and predominate during the early stages of infection (Schuitemaker, Koot et al.
1992; van't Wout, Kootstrat al. 1994). The importaacof the CCR5 coreceptor

for HIV-1 transmission is emphasised Hfye fact that indiiduals bearing a
homozygous 32-bp deletion in the CCR5 gé&rw5- (B2) are generally resistant

to HIV-1 infection (Dean, Carrington et al. 1996; Liu, Paxton et al. 1996; Samson,
Libert et al. 1996). Although Rgiruses typically persighto late disease stages,
viruses that can infect CDA cells through binding t&€XCR4, either alone (X4
viruses) or in addition to CCR5 (R5X4 viruses), emerge in approximately 50% of
individuals infected witrsubtype B or D viruses (Kisson, Parsmyr et al. 1994,
Connor, Sheridan et al. 1997; Huang, Estdn et al. 2007) and an increase in X4
emergence has been detected in subfypeuses (Connell, Michler et al. 2008).
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Although not required for disease progresstbe,appearance &4 and/or R5X4
viruses is associated withraore rapid depletion of CD4T cells in peripheral
blood and faster progression to AIDS li8itemaker, Koot et al. 1992; Karlsson,
Parsmyr et al. 1994; Connor, Sheridanakt 1997; Reeves, Lee et al. 2005).
However, it remains unclearhether these viruses areause or a consequence of
accelerated CO4 cell decline. The emergence ®©KCR4-using viruses has also
complicated the use of CCR5 antagmists anti-HIV-thenaeutics as these
compounds can select for the outgrowth of X4 or R5X4 escape variants (Westby,
Lewis et al. 2006).

HIV-1 and SIV entry into a host ceis a dynamic and complex, multi-step,
cascade process. Viral entry was introduced in sedti®3 and here we depict
the process as a three-step processsiretural intermedia (post CD4 binding
and pre-coreceptor binding) is responsiiolethe exposure and/or formation of a
chemokine coreceptor binding site, whichnis the basis of the interest of the
work presented her&igure 1.§.

Figure 1.8 Schematic of the ttee classic stages of viral eny; initially the HIV-1 viral
particle approaches the host cell and gp120 mhils to CD4, this liaison exposes/creates the
CD4i coreceptor binding domain which then permits the gp120 toecognise and bind the
coreceptor CCR5 and/or CXCRA4.

Actual binding of gp120 to the corecepin this case CCR5) involves the V3
loop as well as the fourth constant region (C4) of gp120 (Feng, Broder et al. 1996;
Trkola, Dragic et al. 1996; Wu, Geraed al. 1996; Rizzuto, Wyatt et al. 1998;
Cormier and Dragic 2002). HIV-1 neutratig antibodies that have been raised
against either the V3 loop or the C4 mugiare actually able to block the binding

of gpl20/soluble CD4 complexes to CCR§ressing cells and prevent fusion of
the virus with target cells (Feng, Brodsral. 1996; Wu, Gerard et al. 1996).

After the HIV-1 virus has bound the teslurface CD4 and co-receptor, the gp120
protein may dissociate from the gp4l proteihich is stably anchored/inserted
within the viral membrane (Chen, Vogahal. 2005). Gp41 catalyses membrane
fusion. Post coreceptor binding, the gp4l fusion peptidexjgosed and is
harpooned and interacts withe target cell membrane, forming a pre-hairpin state
that brings together the two membrand&his induces further conformational
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rearrangements within thgp41, involving the antiparallelssociation of the two
coiled heptad repeats (HR-1 and HR-2Jnfing a fusion active six-stranded helix
bundle/hairpin core structure. This ike transition that catalyses membrane
fusion. The six-helix bundle is formebdefore the fusion pore opening and
experimental evidence suggests that fugpi@mteeds by lipidic intermediate states,

a membrane stalk and the opening and expansion of the fusion pore (Lu, Blacklow
et al. 1995; Sattentau, Zolla-Pazner @&t 1995; Chan, Fass et al. 1997;
Weissenhorn, Dessen et al. 1997; Melikyan, Markosyan et al. 2000; Gallo,
Finnegan et al. 2003; Pierson and DA&663; Buzon, Natrajan et al. 2010).

1.2.7.1 CD4 &nding site and Coreceptor binding site

CD4 binding followed by coreceptor bindingeahe two major steps of viral entry
preceeding membrane fusion. Better uniderding these crucial steps from a
structural and biochemicgboint of view will eluddate key information to
designing better inhibitors of these stejpsaddition, elucidation of the structure

of the trimeric envelope in the differe conformational stas will be very
beneficial for vaccine development.uLand collegues fitted the known crystal
structures of the monomeric gpl26 the unliganded and CDA4-liganded
conformations (Kwong, Wyatt et al. 1998hou, Xu et al. 2007) into electron
density maps derived by electron tomeggny to obtain molecular models of the
HIV-1 trimer in the unliganded and COebund states (Liu, Bartesaghi et al.
2008) Figure 1.9. The viral spike containghree ‘propelladike’ globular
domains displaying three-fold symmetry.efhdemonstrate, that the CD4 binding
sites on the unliganded gp120 timer are seed about 20 A from the top of the
trimer spike with the V1/V2 and carbohydrate moieties forming a sheath at the
top. Then, upon CD4 binding, each gp120 monomer rotates 45° outwards around
an axis parallel to the central three-falis, causing a major reorganization of the
gp120 trimer with an upward displacement-ab A of the overall centre of mass.

Firstly the V1/V2 stem moves from theentral axis of symmetry towards the
lateral part of the trimer, simultaneously caus#gjloop movement to the distal

end of the trimer directly opposite the host membrane, causing it to stick out by 30
A above the gp120. The second coreceptor binding site is the discontinuous four
antiparallel beta sheet called theding sheet which is formed by the coming
together of two beta sheets from eable inner and outer domains of gp120.
According to the thermodynamic profilégreat magnitudes of both entropy and
enthalpy) calculated for the gp120-CD4eiraction by Myszka et al., about 100
amino acids from gp120 change confirmation upon CD4 binding — this is greater
than most other protein-protein bindingeractions (Myszka, Sweet et al. 2000).
Finally, there is also a rearrangement of the gp41 along theakeris of the
trimer upon CD4 binding, most likely due ttee formation of the six-helix-bundle
before membrane fusion.
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Figure 1.9 (A) Averaged three dinensional structure of thenative gpl120 trimeric spike
surface density map. (B) Front view of the surface density map fitted with the coordinates
for gp120 core (red), the V1/V2 loops (yells) and the V3 loop (geen) derived from the
complex with X5 (PDB ID 2B4C). (C and D) Front and top views of the X-ray coordinates of
the ternary complex of the gp120 core (red) iromplex with CD4 (yellow) and Fab fragment
17b (cyan). The arrow in C points to the likely location of the V1/V2 loops. (E and F) top
view showing the change from unliganded (E) to CD4-bound (F) conformational change in
the gp120 trimer, gp120,CD4, V1/V2 and V3 are shown inwhite, yellow, red and green
respectively. (G) Schematic representation shamg gp41 (blue), gp120 (red/purple) regions
of the trimeric spike and the conformational clanges associated witlcD4 (yellow) binding.
The yellow spots on the gp120 show where éhCD4 potentially will bind the unliganded
spike and the green dots on gpIPshown the position of the V3oops post CD4 binding (Liu,
Bartesaghi et al. 2008).

1.2.8 HIV &Replication

The viral core is released into the clluenvironment and uncoated, releasing the
viral genome (Dvorin and Malim 2003)Yhe viral RNA genome is reverse
transcribed into cDNA in the cytoplasby the viral RT (Figure 1.10) (Erikson
and Erikson 1971; Sawyer, Hdeaet al. 1974; Marquet,dket al. 1995). Then the
pre-integration complex (PIC) forms, casigig of an aggregation of the nascent
viral cDNA, viral RT, matrix protein,integrase and Vpr. Unique nuclear
localization signals (NLS) on karyophilessaciated with the cell’'s microtubule
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network direct the PIC throughe host cell nuclear porés its destination within
the host nucleus (Qaly, Swingler et al. 1995Fouchier, Meyer et al. 1998;
Depienne, Mousnier et.&001) in both actively diding and quiescent cells.

Viral cDNA is then irreversibly integratl into integrase-cleaved active host
euchromatin to form the provirus (S4mez-Pescador, Power et al. 1985; Bouyac-
Bertoia, Dvorin et al. 2001). The provirus flanked by the 5° LTR which serves
as a promoter for transcription ancetB’ LTR which provides the termination
site. Phosphorylated RNA Pol Il enablelongation and synthis of full length
viral transcripts (reviewed in (Jones aRdterlin 1994)). Early phase transcripts
encoding the Tat, Rev and Nef proteins are splaed are exported from the
nucleus by cellular machinery. Unsplicednscripts including genomic RNA and
Gag-Pol precursors as well as incontglle spliced mRNAs encoding Env, Vif,
Vpr and Vpu, require the interaction beswn the regutary Rev protein and the
Rev responsive element present within ¢higanscripts for nuelr export into the
cytoplasm (reviewed in (Pollard and Malim 1998)).

1.2.9 Assembly, maturation and budding

Following translation, structurand enzymatic proteins collect with two copies of
the viral RNA genome and assemble imtomature progeny virions at the inner
surface of the host cell membrane inolesterol rich lipid rafts (Nguyen and
Hildreth 2000; Liao, Cimakasky et al. 200Env proteins are pcessed into their
respective subunits which also gathar the cell membrane. Nascent virions
budding from the host cell results in \@ryparticles containing trimeric Env
glycoproteins embedded in host-derived membrane lipids within the viral
membrane (Sakalian and Hunter 19@pttlinger 2001). This allows HIV to
remain similar in phenotype to the hostlcebntributing to tle viral strategy of
avoiding recognition by the host’'s immusgstem. Generally, HIV assembles at,
and buds from the plasma membrane of host cells (Gelderblom 1991). However,
in macrophages HIV assembles at, and buds into internal late endosomal and
multivesicular body (MVB) membranes whiare then transported to the cell
surface and exocytosed (Orenstein, Meltzer et al. 1988; Pelchen-Matthews,
Kramer et al. 2003; Pelchen-Matthews,pBso et al. 2004). To facilitate the
fission event whereby the nascent viral particle membrane is pinched off from the
host membrane, a complex membrane remodelling machinery pathway is hijacked
— the endosomal sorting complex reqdir®r transport (ESCRT). Gag is the
principle viral protein that participates the orchestration of HIV-1 assembly and
release. At the time of viral buddings;ag associates at the inner plasma
membrane, oligomerising into a type “shell” formation, distorting the bilayer

until a spherical particle buds off. Iti®t precisely known when, however, during

or after budding, Gag is cleaved by virabfgases into the matrix protein, capsid
protein and nucleocapsid proteins which are essential for viral maturation. See
review (Weiss and Gottlinger 2011). Essalht, Gag hijacks the cell's machinery

to cause the fission event between thelaral cellular membranes that allows for
budding to occur. Maturation of progenyigns occurs following processing of

the Gag and Gag-Pol polyprotein precussextracellularly by the viral protease
(Ganser-Pornillos, Yeager et al. 2008) and a single infected” @Déell can
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produce between 10.3 x 1010 x 13° new virions per day (Ho, Neumann et al.
1995; Wei, Ghosh et al. 1995; Perelsdeumann et al. 1996) (Figure 1.10).

Figure 1.10 Schematic representation of the M-1 viral life-cycle. HIV-1 virions bind their
host cell through the initial attachment to pimary CD4 receptor and sibsequent binding to
the chemokine coreceptor CCR5 or CXCR4. Rmeptor binding induces fusion of viral and
cellular membranes resulting in the release ofhe viral core and subsequent release of the
viral genome into the cytoplasm of thehost cell. The viral RNA genome is reverse
transcribed into cDNA, transported into the nucleus where it issubsequently integrated into
the host genome. The integrated provirus serves as a template for the transcription of viral
genomic RNA copies as well as viral mRNAwhich is exported to the cytoplasm for
translation. Structural and enzymatic proteinsand two copies of the RNA genome assemble
into nascent virion particles at the cellular membrane and bud from the cell. After their
release, maturation occurs. Maturation is medited by the protease that cleaves Gag during
assembly into MA, CA, NC, SP2 an P6 proteins.
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Table 1. Cell surface receptors imficated in binding HIV virions

Receptor Expression Role in attachment and Reference
Infection
Gal-C Neuronal and glial Aids attachment (Harouse,
cells Laughlin & al.
1991)
Sulphatide Colorectal Confers efficient (Fantini, Cooket
(sulphate epithelial cells and CXCR4-dependant, al. 1993; Seddi,
derivative of  primary CD4-independent Ramdani et al.
Gal-C) macrophages infection by NDK, a 1994; Delezay,
TCLA HIV-1 strain Koch d al. 1997)
Placental Cloned from Binds virus particles to (Curtis,
membrane placentalcDNA the cell surface and tis Scharnowske et
binding library erhances infectiny al. 1992;
protein Geijtenbeek,
Kwon et al. 200)
DC-SIGN DC- Dendritic cells, DC-SIGNR acts in the  (Pohmann,
SIGNR endothelial cells, same way as DC-SIS  Soilleux et al.
liver, sinusoidal by recognizing high- 2001)
and lymph node  mannose
sinus endothelial containingglycoprdeins
cells
Mannose- Macrophages Binds gp120 and (Larkin, Childs et
specific transmits the virus muchal. 1989)
macrophage like DC-SIGN does and
endocytosis MMR can internalize
receptor the virus
(MMR)
Heparan Many cell types Ataches virus péicles  (Mondor, Ugolini
Sulphates to cell surfaces viaan et al. 1998)
interaction withthe V3
loop thus enhancing
infectivity via CD4 and
coreceptors. Acts
predominantly for
CXCR4-using viruses
LFA-1/ICAM- LFA-1is ICAM-1 incorporated  (Paquette, Fortin
1 expressed on onto virions which et al. 1998; Fortin,

haematopoietic
cells, ICAM-1 is
on a wide variety
of cell types

erhances attachment Barbeau et al.
and infection of LFA-1+ 1999)
cells

1.2.10.1 DC&GN
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Many epidenlogical studies havehown thathe first cells to come into contact
with HIV-1 are dendritic cells (DCs) ithe epidermis and mucosa (Cameron,
Freudenthal et al. 1992; Weissmanetial. 1995). HIV-1's gp120 interacts with
DCs via the DC-SIGN receptor. The dendritic cell population is highly
heterogeneous and thus not all of these cells express DC-SIGN. In these cases,
other lectins are expressed which havelamfunctions to that of DC-SIGN; e.g.

the mannose receptor and langerin arpre&ssed on the surface of Langerhans
cells (Turville, Cameron etl. 2002; Nguyen and Hildre003). There have been
studies that suggest that langerin inhibits trassion of HIV-1 through the
epithelial mucosa by endocytosing the virus into the granules of Birbeck (de
Witte, Nabatov et al. 2007). The homolog of DC-SIGN, DC-SIGNR is also
expressed at the surface of endothelilisa@nd can bind to HIV-1, in this way
presenting the virus to targeells and infection occurs itrans (Pohlmann,
Soilleux et al. 2001).

1.2.10.2 Mannose Binding Proteins (MBP)

With about half the molecular mma of gpl20 attrided to N-linked
carbohydrates, this is a formidable berrfor development of strong antibody
responses to the virus. On the othandhahis carbohydrate barrier also provides a
potential site of attack by the innatemune system through the C-type lectin
mannose binding lectin (MBL) (Ji, Gewuet al. 2005). A number of studies have
shown that MBL binds to htested HIV strains and MBL is able to inhibit DC-
SIGN binding to HIV-1 (Ji, Gewurz et.aP005). However, further studies are
needed to define the in vivamntribution of MBL to clearance and destruction of
HIV, why MBL has low neutralization dfllV-1 and if possible, how to augment
anti-viral effects of MBL.

1.2.10.3 Gaactosyl Ceramide (GalCer)

During early stages of infection, HIV-1 sdrbs onto thecal side of epithelial
cells. The epithelial membrane has a charastic lipid composition such that the
outside layer is rich in glycosphingailils e.g. GalCer. Galactosyl Ceramide is
found on immature DCs and acts as acasal epithelial reeptor for HIV-1,
binding to gp41 (Magerus-Chatinet, Yu at 2007). Blocking both GalCer and
CD4 with specific mAbs results in a95% transfer inhibition of HIV-1 from
human monocyte-derived BCo autologous resting T cells (Magerus-Chatinet,
Yu et al. 2007). The GalCer interactiaith HIV-1 controls the early infection-
independent phase of HIV-1 transfer tedlls. Thus, GalCer appears as an initial
receptor for HIV-1, common to both mucobeagithelial cells ad immature DCs.

1.2.10.4 Heparan Sulphates

These are @amplex polysaccharides presentanarge quantity at the surface of
most cells (seeChapter 2: for more detail). The essential property of these
molecules is that they can bind a nagliof proteins, thereby altering their
structure, reactivity, localization in tissuasd thus have an extensive functional
repertoire, see review (\itelock and lozzo 2005; Sarrazin, Lamanna et al. 2011).
Since 1988, soluble heparan sulphategehldeen known tonhibit the cellular
entry of enveloped viruses (Baba, 8ok et al. 1988). In 1993, studies showed
that HIV-1 interacts with heparan sulpbgHS) (Patel, Yargshita et al. 1993;
Roderiquez, Oravecz et al. 1995). Then Monebal. confirmed that HIV was
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able to attach to HelLa cells viat@nactions between gpl120 and HS (Mondor,
Ugolini et al. 1998). This interaction $idbeen demonstrated for X4 and R5X4
viruses, but is less efficient for R5 vaes (due to the number of positive charges
found in the V3 loop). Since the intetian between HS and gp120 forms the base
of this thesis, this subject will liscussed in further detail in Sectidi.2.

1.2.10.5 LFA& / ICAM&E

Budding viruses fronan infected host detontain nany host ceisurface proteins

and Ipids (reviewed in (Tremblay, Fortiat al. 1998)) as weklhs cell adhesion
molecules that are thought to play a role in cell adhesion and leukocyte
trafficking. Viral incorporation of forgn ICAM-1 into their membranes increases
the attraction of the viral particle for the cell membrane expressing the LFA-1
integrin (Fortin, Cantin et al. 1997; Rizouand Sodroski 1997) and may decrease
the dependence on the gp120-CD4 interaction for infection. This is confirmed by
the studies that show that agentscking the gp120-CD4 interaction are less
effective at neutralizing ICAM-1 contaimg viruses than isogenic viruses lacking
the ICAM-1 receptor (Fortin, Cantin at. 1997; Rizzuto and Sodroski 1997).

1.3 Therapeutic Strategies

Thirty years after since the discoyesf HIV-1, there is still no therapeutic cure

for, nor an effective vaccine againstVMAIDS. However, enormous efforts have
been made to combat the virus. eTlour main classes of Food and Drug
Administration (FDA) and European Meal Agency (EMEA)-approved current
Antiretroviral Therapies (ARTs) for use in HIV-1 infection are; Reverse
Transcriptase Inhibitors (Rs, e.g. nucleoside/nucledé reverse transcriptase
inhibitors, NRTIs; and non-nucleoside rese transcriptaseniibitors, NNRTIS),
Protease Inhibitors (PIs), Integrase Intuts and Entry Inhibitors (Els) (Fauci
2003). However, the huge burden of ARTdeaveloping countries as well as the
increasing incidence of drugsistant viral strains, tiges continuous efforts for

the development of new anti-HIV-1 agents. Thus the emergence of three new
classes of drug targets for ART has occurred; The three classes are inhibitors
targeting (i) NCp7 Zn finger inhibitorgjii) rev/tat and (iii) viral maturation
inhibitors (Huang, Maynard et al. 1998nwalla, Chakraborti et al. 2006; Zhou,
Chen et al. 2006; Daelemans, Lu et28107; Liu, Wu et al. 2007). To augment the
potency of currently available ART, neapproaches and more effective drugs are
necessitated. Drugs tating HIV-1 attachmenand fusion are likely to be good
targets for novel treatment strategiof HIV drug-rsistant strains.

Today, there are 25 antiretroviral drugsaigable in 6 differat classes (Zolopa
2010). These include the NNRTIs which bind directly to amlibit RT (de
Bethune 2010); entry inhibitors (CCR5tagonists and fusion inhibitors) (Tilton
and Doms 2010); and integrase inhibitors which prevent integration of the
provirus into the host chromosome (McColl and Chen 2010). A novel class of
antiretrovirals still undergoinglinical trial is that ofthe maturation inhibitors
which inhibit cleavage of the capspmtecursor (Temesgen and Feinberg 2006;
Martin, Salzwedel et al. 2008).

1.3.1 Replication Inhibitors
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The first NRTI antiretroviral drug thatanme out in 1987 (Ezzell 1987) inhibited
the viral reverse transptiase enzyme by acting asnucleoside analogue, thus
preventing the complete synthesis mbviral DNA (Furman and Barry 1988).
However, monotherapy was raiccessful at repressingal replication (Gershon

1991) and thus protease inhibitors weleveloped to target alternative viral
components in the life cycle. These drugsibit viral production of mature viral

proteins (Venaud, Yahi et al. 1992) andhen used in combination with two
NRTIs, triple therapy or highly active tetroviral therapy (HAART) came about
(Hammer, Squires et al. 1997;rbtth, Steigbigel et al. 1999).

1.3.2 Entry Inhibition

Sincegpl20 has such a crucimle in HIV-1 entry, it isan attractive target for
drug design, and thus a number of strategies have been aimed at disrupting the
interactions between gpl20d the host receptors.

Owing to the success of entry inhibitors, an increase in the interest in the
discovery and development of new mealles erpted. Logically, efforts were
focused onto smaller molecules thaiuld access the conserved and critical
regions required for entry as well @@ more cost-effective and easier to
administer (recombinant proteins wessElministered through injection). For
developing countries, that are mosteafed by the HIV epieimic, administering
entry inhibitors to mucosal areas in a topical gel as a microbicide is highly
suitable to the cultural and social consitsiin these countries that contribute to
the severity of the epidemic.

1.3.2.1 gp120 &D4 Binding Inhibitors

The idea of using soluble CD4 (sCD4y a competitor tblock the gpl120-CD4
interadion was explored early in the Ylepidemic. Initially, thesetadies yielded
promising results (Smith, Byrn etl. 1987; Deen, McDougal et al. 1988),
however, sCD4 was only effective agaifl/-1 laboratory-adapted strains and
not primary isolates (Daar, Li et dl990). Seven years later a recombinant CD4-
based fusion protein, Pro542 (Allaway, Davis-Bruno et al. 1995; Zhu, Olson et al.
2001) was used to block the gp120-CD4eraction. This molecule comprises
human 1gG2, in which the variable domain (Fv) portions of both heavy and light
chains have been replaced by the Ddl 2 domains of human CD4. Due to its
tetravalent structure, Pro542 can bind Env with higher avidity than sCD4. Despite
the promising results (Jacobson, Israel et al. 2004), the development of Pro542
was halted as in some cases thesepounds may enhance virus entry into
CCR5-expressing cells lacking CD4 (Mad, Schon et al. 2008). Recently, a
functional mimetic of CD4 (M48-U1l), was shown to have arsg5@ 25nM
against SHIV162P3 due to its higlffieity binding of gp120 (Van Herrewege,
Morellato et al. 2008).

Small molecules that also targeet@D4-binding site 0§p120 are BMS-378806

and BMS-488043 anthus block CD4 bindlig to gp120 (Bristol Myers Squibb)
(Guo, Ho et al. 2003; Lin, Blair et.a2003; Wang, Zhang et al. 2003), however,
their mode of action remains unclear (either by competing with CD4 to interact
with gp120 or preventing the confortitmal change of gpl20 required for
coreceptor recognition). BMS-378806 was discontinued in Phase 1 and BMS-
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488043 is in its phase lla cigal trial. They neutdgse both laboratory-adapted
and primary virus isolates, includindgiase resistant to protease and reverse
transcriptase inhibitors. However, ede molecules were shown to have a
decreased activity against subtype C,wasdl as other HIV-1 subtypes when
compared to its efficacy against syt B strains (Lin, Blair et al. 2003),
probably due to the inherewnariability between HIV-1 envelope proteins and the
use of a subtype B virugm the screening proces This drug was under
investigation as a microbicide and subsequently discontiimughase Il trials
(Veazey, Klasse et al. 2005), due to 40-500 fold resistance to the drug resulting
from few mutations in gp120. Ibalizuméwormerly know as TNX-355) is a first-
in-class, monoclonal antibody inhibitor wh blocks receptor-mediated virus
entry by binding to the extracellulaiomain 2 of the CD4. This antibody has
passed the phase Il trials and is mentioned in sett®A.3 (Kuritzkes, Jacobson
et al. 2004; Jacobson, Kuritzkes et24109; Toma, Weinheimer et al. 2011).

1.3.2.2 Gp120 aoreceptor binding inhibitors

A number of naturally occurring chemoattractant proteins aradigaf CCR5 or
CXCR4 and thus have antiviral effecby preventing the intaction between
gp120 and coreceptor and/or inducing ceflutgernalization of the coreceptor
(Amara, Gall et al. 1997). However theiinital uses are difficult due to their
intrinsic bioactivity. Derivatives of these chemokines (such as PSC-RANTES)
have been engineered to reduce rtregonistic effects on CCR5, and PSC-
RANTES is currently being evaluated aspotential microbicide (Lederman,
Veazey et al. 2004).

Blocking CCRS5 is particularly attractiveince the natural expression of CCR5
(B2 homozygotes Isdittle to no effect on patients’ immune systems and general
health and such individuals are higlgyotected against HIV-1 infection (Dean,
Carrington et al. 1996; Dragic, Litwiet al. 1996; Liu, Paxton et al. 1996;
Samson, Libert et al. 1996). There haeed many small molecule antagonists of
CCR5 blocking HIV-1 entry that have been pursued by pharmaceutical
companies. These molecules are antageaistl bind within the pocket formed by
the transmembrane helices (Dragickdla et al. 2000; Castonguay, Weng et al.
2003; Tsamis, Gavrilov et al. 2003;illgk, Seibert et al 2004; Nishikawa,
Takashima et al. 2005; Maeda, Das e28D6; Seibert, Ying et al. 2006; Kondru,
Zhang et al. 2008; Stufgand Ball 2011).

In August 2007, Maraviroc (UK-427857, market@sl Selzentry or Celsentry), an
imidazopyridine small molecule CCRitagonist, was discovered through a high
throughput screen of a Pfizer cpound file (Dorr, Westby et al. 2005).
Maraviroc demonstrated potent anti-viral activity against R5 primary viruses as
well as clinically derived HIV-1 envepe-recombinant pseudoviruses, as well as
viruses derived from drug-resistant patients. After positive results in clinical trials,
Maraviroc was approved for use by fiBA and EMEA in 2009Dorr, Westby et

al. 2005; Kromdijk, Huitema et al. 2010yhe molecular mode of action with
which Maraviroc prevents gp120 from bindito CCRS5 is not clearly understood
however, mutational studies and molecutardelling have shown that this small
nonpeptidic ligand lodges in a hydrophobic cavity located between the
transmembrane domains of the receptbus inhibitinggp120 binding (CCR5

27



unrecognisable by gp120) andeohokine signalling (MIP-1 and RANTES) by
inducing conformational changes in the aaqetor (allosteric ihibition) (Dragic,
Trkola et al. 2000; Tsami§avrilov et al. 2003; Maed®as et al. 2006; Kondru,
Zhang et al. 2008; Garcia-fer Rueda et al. 2011).

There have been other CCR5 antagonists, however, they have been less
successful; TAK-779, a non-peptide compou@dba, Nishimura et al. 1999),
showed poor pharmacological and toxicotagiproperties as well as a lack of
bioavailability during clinical trail{Palani and Tagat 2006). A recent study has
shown that TAK-779, like Maraviroc, also blocks HIV-1 infection through
allosteric inhibition, induimg conformational changein CCR5 thus blocking
gpl120 binding to CCR5 (Garcia-Perez, Raied al. 2011). Several other small
CCR5 antagonists have demonstratedrastiing efficacy against HIV. Amongst
them are Aplaviroc (GW873140; GSK,) which made it to phase IlIb, but was
discontinued due to hepatotoxicity, avidriviroc (SCH-417690) is another small
molecular entry inhibitor ’im Schering-Plough which made it to phadH trails.
However, the primary efficacy endmbi was not obtained in treatment-
experienced HIV-1 positive patients, thus this drug will also not be pursued
(Labrecque, Metz et al. 2011).

Inhibiting the interaction between CCRand gpl20 is successful in patients
harbouring only CCR5-utilizip viruses, howver, in patients with detectable
levels of CXCR4-utilizing viruses, there asstrong risk that the latter population
becomes dominant. The outgrowth of a CXCR4-utilizing viral population is a
great concern as this is associated with accelerated T4l loss, viral load
increase and disease progression (Bemaker, Koot et al. 1992; Karlsson,
Parsmyr et al. 1994; Connor, Sheridan et al. 1997).

Hence the necessity for drugs thatg&t the interactin between gpl20 and
CXCR4, however unlike CCR5, CXCR4 issentiafor a myriad of normal cell
functional processes, and blocking coreceptors will have negative consequences.
Several peptides mimicking the natuchemokine ligand of CXCR4 (CXCL12),
have been described (T-22, T-134, T-14). One such antagonist of CXCR4 is the
bicyclam analogue, AMD3100 (Genzyme), which demonstrated potent activity
against CXCR4-using HIV-1n vitro. However, its clinical development as an
antiretroviral agent was halted due d¢ardiac abnormalities (Dai, Yuan et al.
2010). Similarly, the development of ADD70 (Donzella, Schols et al. 1998), a
third generation orally bioavailable aihCXCR4 antagonist, was stopped due to
liver toxicity.

1.3.2.3 Monoclonal Antibodies

Prol140 (Prgenic Pharmaceuticals) ishmimanized rause monoclonal antibody
directad against CCRS5 thanhibits HIV-1 entry at concentrations that do not
affect the chemokine receptor activifyrkola, Ketas et al. 2001). Another
monoclonal antibody that shows potentad an entry inhibitor is TNX-355
(Ibalizumab-TaiMed Biologics). TNX-355 (previously called Hu5A8) is a
humanized 1gG4 monoclonal antibody initdo that binds tahe second domain

of CD4 (D2) and does not prevent CD4 binding to gpl120, but has shown to
prevent further conformational charsgen gpl20 necessary for viral entry
(Burkly, Olson et al. 1992; Moore, Sattentau et al. 1992). Clinical trails using this
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antibody have shown some success (Jacolkaaitzkes et al. 2009) with weekly
or biweekly dosing and phasietrials are currenthunderway (Toma, Weinheimer
et al. 2011).

1.3.2.4 Fusions Inhibitors

Fusions inhibitors are atecules that blockmg1-mediated membrane fusion. The
only fusion inhibitor that has beep@rovedby the FDA and EMEA in 2003 is a

36 mer synthetic peptide called T20 (&wiftide/Fuzeon, Trimeris-Roche) which

is derived from the HR2 region of gp41 (ilShugars et al. 1994). T20 is able to
block the formation of the six-helibundle through its interaction with HR1,
thereby preventing gp41-mediated fusion with the host membrane (Wild, Shugars
et al. 1994; Kilby, Hopkins et al. 1998). i§imolecule is effective only after CD4
binding but prior to gp4l-mediated sion and thus haga relatively limited
window during which it is active. Enfuitide is administrated twice-daily by
subcutaneous injections, however, this often results in skin sensitivity reactions at
the site of injection and many patients stop treatment due to its side effects. This
molecule has a relatively low geneticrivar to resistance and single amino acid
mutations can lead to high levels reistance. T-1249 is the second generation
fusion peptide (Tifuvirtide) and inhibitdIV-1, HIV-2, SIV andstrains that have
developed resistance to T-20, however, the production of this molecule is very
complex and has thus been suspended (Lalezari, Bellos et al. 2005).
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Table 2: Overview of the different HIV-1 Entry Inhibitors (Castagna, Biswas et al. 2005;

Kuritzkes 2009)

Entry Target Type
Inhibitor
Dextrin-2- Positively charged molecule
sulphate groups on surface
of HIV-1
PRO 542 CD4-binding site  antibody
on gp120
TNX-355 CD4 monoclonal
(Ibalizumab antibody
or HU5A8)
BMS- gp120 molecule
488043
Aplaviroc CCR5 molecule
(GSK-
873140)
Maraviroc  CCR5 molecule
(UK 427,
857)
INCB009471 CCR5 molecule
HGS004 CCR5 antibody
Vicriviroc CCR5 molecule
(SCH417692
or SCH-D)
TBR-652 CCR5 molecule
PRO 140 CCR5 antibody
TAK 220 CCR5 molecule
AMD 3100 CXCR4 molecule
(plerixafor)
KRH-2731 CXCR4 molecule
Enfuvirtide gp4l peptide
(T-20)

Administrat Clinical Trial status Company

ion

vaginal gel

Phase I

intravenous Phase Il

injection

ML Laboratories

Progenics

intravenous Phase Il completed Tanox

injection

oral

oral

oral

oral

intravenous
injection
oral

oral

injection
oral
oral

oral

sub-
cutaneous
injection

Development
discontinued

Development
discontinued

FDA and EMEA
Approved for
clinical use

Phase l/lla
completed

Phase | completed

TaiMed Biologics
Bristol Myers

Squibb
GlaxoSmithKline

Pfizer

Incyte

Human genomic
sciences

Phase Il completec Shering-Plough

Phase Il completed Tobira

Phase Il
Pre-clinical

Development as
antiretroviral
discontinued

Pre-clinical

FDA and EMEA
Approved for
clinical use

Therapeutics
Progenics
Takeda
AnorMED
Genzyme

Kureha
Trimeris/Roche

The two licensed entry-inhibits are highlighted in pink
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1.3.3 Neutralising Antibodies

The remarkable diversity, extensive glycosylation and conformational flexibility
of the HIV-1 envelope, including thsubstantial rearrgement of the gp120
glycoprotein upon binding the CD4 receptor, allow it to evade antibody-mediated
neutralization. Neutralizing antibodies are believetdgccrucial in the protective
Immune response against many viral infees, yet their rolen HIV-1 infection
remains controversial. During classiddlV-1 infection, neutralizing antibodies
appear to have little effedn acute viremia, as theyise too late and the virus
readily escapes type-specific neutralgiantibodies (Richman, Wrin et al. 2003;
Wei, Decker et al. 2003; Rong, Li et. &009). However, passive transfer of
broadly neutralizing monoclohantibodies (MAbs) has prew to be protective in
nonhuman primate models (Baba, Liska et al. 2000; Mascidmle&3 et al. 2000;
Veazey, Shattock et al. 2003; Hessell,igRard et al. 2009), supporting the
hypothesis that a vaccine capable of indgdhese types of abtidies is likely to

be effective.

1.3.4 Vaccine and Pre &xposure Prophylaxis

Efforts to develop an effective vaccineaagst HIV-1 began as early as 1987, with
over 80 studies making it to phase | anttills and about 30 different candidate
vaccines. However, due to the high muatrate and replicative turnover of the
virus, an effective vaccine is a difficutirget to reach. Some vaccine strategies
are to use inactivated dive-attenuated viruses tprime the host's immune
system, however, they risk the eventygd@arance of an active virus. Just over 10
years ago recombinant live-attenuated replication-deficient viruses were
investigated as vaccine platforms andédeen licensed for animals. However,
viral-based vaccines for humans are talgtightly longer and have to deal with
the potential problem of prexisting anti-vector immunity.

A strategy whereby viral proteins dezd from the envelope were used to
stimulate the production of n&ralizing antibodies was reaty tried (Thai Trial).
This Vaccine (developed by VaxGen) entepbdse Il clinical trials in the U.S.A
and Thailand, but has not shown a potive effect against HIV-1 infection
(Desrosiers 2004; Pitisuttithum, Bermah al. 2004). Possible reasons for the
failure of this vaccine are due to thadregeneous structure of gp120 and the fact
that critical coreceptobinding sites are hidden under the mass of glycans and
variable loops and thus inaccessible to neutralizing antibodies.

Another strategy for vaccine design tis stimulate the host immune system
(dendritic and natural killer T Cells)ith viral fragments, such as “naked DNA”
so that target host cells that integrttis fragment, synttsze the corresponding
viral protein and present the antigen te immune system (NaiHeiser et al.
2000; Liao, Li et al. 2004; Melhem, Liu et al. 2007; Dell, Klein et al. 2008).

In 2009, a large phase Il trial of &LVAC and AIDSVAX vaccine (RV144)
demonstrated modest protection fromertfon with HIV-1,with a 31% reduction
among trial volunteers (Rerks-Ngarm, Pittgbhm et al. 2009). Here, a vector-
based canarypox virus and adenovirus fypeere developed by Sanofi-Pasteur to
elicit antibodies and cellulammune responses to HIV-A protection of 31% is
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barely something to celebrate. Reitgn investigators have reported the
development of broadly neutralizingntibodies, which provide potential new
targets for vaccine development (Wu,ngaet al. 2010; Zhou, Georgiev et al.
2010).

However, there is some hope. A prvdiiopharmaceutical company, SEEK, is
planning the final stages of developrmen its HIV-v vaccine, after announcing
that the product has demadraged proof of efficacy im Phase 1b/1l study. HIV-v

is a T and B cell vaccine against the @med regions (internal proteins NEF,
REV, VIF and VPR) of the HIV virus and it is the first vaccine to form an
antibody response against a conserved iatgurotein. A theragutic trial of 55

HIV patients at 6 centres in the UK hd®wn a 90% reduction in the viral load of
vaccinated patients compared with natural disease progression
(http://www.seekacure.com/about/factsheet-HIV-v.html Access 20/07/2011).

Up until now, microbicidesised to prevent ganal transmissiorof HIV-1 have
proved either ineffective or have evemhanced transmission in human trials
(Rerks-Ngarm, Pitisuttithum et al. 2008)pwever, there is hope that the VOICE
trail (microbicides and prexposure prophykas with ARVs targeting viral
replication) will prove efficacious (Ros&009). Interestingly, male circumcision
has provided remarkable protection fréransmission, however the mechanisms
are still unknown (Auvert, Tgard et al. 2005; Bailey, Mes et al. 2007; Gray,
Kigozi et al. 2007).

Results of two new studies (13 JuB011) have provided more compelling
evidence that daily pre-exposure prophidadPrEP) treatment with ARTs can
prevent the spread of HIV-1 infectiondemonstrating for the first time that the
drugs significantly reduced the risk of acquiring the AIDS-causing virus in
heterosexual men and women, the populatiardest hit by the dease. This is
ground-breaking news and future efforts at curbing the HIV-1 epidemic will be
focused on PrEP in combination with treatmélhe PrEP drugs used in the trials
were Gilead's Viread (tenofovir) and @gembination drug Truvada (emtricitabine
and tenofovir disoproxil fumarate), wdhm the firm supplied for both studies
(Roehr 2011).

Given the lack of an effective vaoe on the market, emergence of drug
resistance to and viral escape fromuaity all known antiretrairals as well as
the raging pandemic caused by this virusy strategies to target and block the
virus are of paramount importance.
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Chapter 2: The Role of Glycosaminoglycans (GAGS) in
HIV sedttachment

Amongst the molecules that bind to HIV-1 are proteoglycans (PG), a cell surface
component, used by many pathogens (virubasteria, parasites) for attachment

to the host cell. PGs are complex glycoproteins which are ubiquitous in
mammalian tissues; they are composed of a protein core to which one or more
glycosaminoglycan (GAG) chains is/amvalently attached. These complex
glycoproteins are found in abundance ine&acellular matriYECM) as well as

on the cell surface (glycocalyx) where thelay essential roles in multiple
biological processes due tineir strategic placemerdt the interface of the
communication between the cell and the mdésignaling environment. There is

no blue print or code for the composition of GAGs, yet they are necessary for a
myriad of essential processes (migvati adhesion, proliferain differentiation,
coagulation, hydration, embryo despment, tumor growth and pathogen
attachment and entry) (Beteld, Gotte et al. 199%®errimon and Bernfield 2000;
Spillmann 2001; Sasisekharan, Shriver et al. 2002; Whitelock and lozzo 2005;
Sarrazin, Lamanna et al. 2011). In order to be implicated in such a vast array of
processes, it is no surprise that GAGadbto a plethora oflifferent proteins
(growth factors, cytokines, morphogens, enzymes, structural proteins, viral
envelopes or capsid proteins etc) and ¢heteractions seem to be coordinated
and regulated. This is whie complexity of GAGs is so intriguing and needs to

be better understood.

2.1 The Glycosaminoglycan Families

2.1.1 Galactosaminoglycans and Glucosaminoglycans

Proteoglycans can be classified acaogdto the nature of the polysaccharide
chains that are covalently attached te fitotein core; PG attached to chains of
heparan sulphate are referred to aSKB), attached to chondroitin sulphate
(CSPG), attached to dermatan sulph@®SPG) or keratan sulphate (KSPG).
Serglycine is a single PG to which chaofsheparin are attached, which is found

in connective tissue as a specific highbyphated HS and found in mucosal tissue

as CS. As for the core proteins, theyedmine the localisation and the degree of
expression of the polysaccharide chainse HG’s are generally classified into

four large families based on their §ph placement; the membrane PGs, the
extraceluular matrix PGs, the intracédiuPGs and the circaling PGs and their
molecular masses vary between 32 — 500 kDa (Esko and Selleck 2002). Heparan
sulphates found in the intracellular space attached to serglycine, HS found at

the membrane is generally associated with syndecans, glypicans, betaglycans and
CD44 isoforms. HS can also be assadatvith perlecan, agrine and collagen
XVIII found in the extracellular matrix.

On the other hand, GAGs are long polydwrides characterised by a repeating
non-hydrolysable core disaccharide motimprising one hexuronic acid (either a
D glucuronic acid [GIcA] or an.L iduronic acid [IdoA]) and a hexosamine
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(either a glucosamine [GIcN] or a gelasamine [GalN]). With such a basic
starting unit, an enormous moleculavetisity is generatk on three different
levels for GAGs; firstly, the length of ése chains can vary (chain lengths can
range from few to - 25000 disaccharide units) as well as the structural
modifications (N and O-sulphations and epimerisations [see below]) and thirdly
the number and combinations of sulpldategions along an oligosaccharide chain
can vary Figure 2.). If we look at the disacchaes in more detail, six members

of the glycosaminoglycans emerggrouped into two main veins; the
galactosaminoglycans and the glucosaminoglydaigsife 2.).

The galactosaminoglycans comprise choitdr sulphate (CS) and dermatan
sulphate (DS) and are polysaccharides composed of repeatawgtyated
galactosamine (GalNAc) units associated with a glucuronic acid (GIcA) (as is the
case for CS), linked together throughla3 liaison. In DS, the C5 carbon of some

of the glucoronic acid is epimerisadto iduronic acid (IdoA). Chondroitin
sulphate, as their name depicts, are @AGs that are found in large amounts in
connective tissues and cartilage. Thewyplan important role in resisting
compression in certain tissues due to their elastic properties. CS are variably
sulphated along their length and thus give rise to different types of CS; the most
abundant dissacharides (~82%) are tlomosulphated ones; when the carbon (C)

4 of theN-acetyl galactosamine is sulphatedstis CS type A (CSA) and when
sulphated on C6, this is CS type C (CSC). The non-sulphated form constitutes 11-
12% and the more rare form of CS whiths been initially identified in sharks

and certain crustaceans called ‘di-sulptateith both C2 and C6 sulphations
(CSD), C4 and C6 sulphations (CSHE)daC2 in the uronic acid and C4 of the
galactosamine (CSB). It can also loarid in mammals (Sugahara, Masuda et al.
1991, Sarrazin, Lyon et al. 2010).

Dermatan sulphate has been consideretib-class of CS, thus it can also go by
the name of CS type B. This ambiguity is due to the fact that DS posseses a
structure much like that of CS (ascibntains many glucuronic acids along the
length of its chain), however, DS algmsseses iduronic acid due to the C5
epimerisation. This epimerisation ofethC5 from glucuronic to iduronic acid
favours for subseque@-sulphation on the uronic acat C2; and in order for a
favourable epimerisation reaction tecar, the C4 should be preferentialB¢
sulphated. This difference in the epimerisation of the hexuronic acid C5 may be a
subtle structural difference, however, inadetermine protein ligand specificity as

DS can bind to heparin cofactor Il a@BA cannot (Mascellani, Liverani et al.
1993).

The glucosaminoglycans comprise hyalucoacid (HA), heparan sulphate (HS)
and heparin (hexosamines linked adhexuronic acid). HA is a GAG found in
conjunctive tissues, epithelium and vmus tissues, vitreous humour, synovial
fluids and the skin. Its function is tmaintain the hydration of the extracellular
matrix and is also implicated in phgkgical and pathophysiological processes
such as cellular adhesion, migration, aumgrowth etc...). HA is not linked to a
protein core and has the most simpleicure out of all the GAGs as it is not
sulphated; it is composed ofgbucuronic acid (GlcA) linked via al-3 liaison to
aN-acetyl glucosamine (GICNAC).
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Keratan sulphate was first discoveredcornea extracts in 1939 and once it was
characterised in 1953 (Meyer, Linker et #53), was found to be composed of a
N-acetyl glucosamine linked via al-4 liaison to a glucose (instead of a
hexuronic acid). Interestingly, both of the sugars can contasul@hations at
position C6. Three different types of KS have been characterised; namely KS type
I which is mainly found in the cornea and cartilage, KS Il and KS Ill. They differ
by the way in which they are linked toeth protein cores; KSI is linked through

an N-sulphated asparagine, howevi€BIll and KSIII are linked throughO-
sulphated serines or threonines respectively. KSIll can also be linked to its core
protein through a mannose resiqieusius, Finne et al. 1986).

Heparin and heparan sulphdt¢S) are the GAGs that possess the highest degree
of sulphation and have the highest degsestructural complexity which is why
they bind to the largest array of proteinsisifor this reason that heparin and HS
have vast repertoires ofdddgical and therapeutic actis and are of such great
interest. This is a main topic of the currevork and hence it M be described in
further detall in sectio@.1.2.
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Figure 2.1 (A) This is an electron micrograph depicting a lymphocyte cell stained in
ruthenium red showing the thick glycocalyx layer, which can reach up to 0.5um. This is the
interface through which the cell conducts its lisson for all biological processes (Alberts,
Johnson et al. 2002). Heparan sulphates wermmunostained with FITC-labelled antibodies
and the image was obtained using a confocal microscope (Stevens, Hlady et al. 2007). (B)
Glycosaminoglycan chains are shown covalently attached to their protein core imbedded in
the cell membrane. (C) The HS disaccharide unitcomposed of a hexuronic acid and an N-
acetylated glucosamine (4GIcA1-4GIcNAc 1)s repeated n times and can contain the
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following modifications: a de-acetylation ofthe GIcNAc and sulphation at this residue,
sulphations at positions 3 and 6 on the GICNS and on position 2 of the hexosamine and the C5
of the uronic acid can undergo epimerisation ad change from a glucuronic acid (GlcA) to
an iduronic acid (IdoA). (D) Domain organisation of HS and Heparin. Highly sulphated
domains (NS domains - red) are the main compemt of heparin, and are less frequent in HS,
where there is a larger occurrence of non-sulpated domains (NA domains). The domain
organisation is cell-specific and HS can be modified on so many levels, the structural
diversity is vast and thus a vast numberof protein binding sites exist. (E) The
Glycosaminoglycan (GAG) family. GalNAc: N-acetyl Galactosamine, GIcNAc/SN-acetyl /
N-sulpho glucosamine, HexA: Hexuronic Acid, Gal: Galactose, GIcA: Glucuronic Acid,
IdoA: Iduronic Acid.

2.1.2 Heparin and Heparan Sulphate

Heparin was discovered by accident by Mc Lean in 1916 when he demonstrated
the anticoagulant activity of materialafitionated from liver (hepatocytes) (Mc
Lean 1916). This activity is linked to ttability of Heparin to bind and activate
antithrombin IlIl, thus inhibiting Factoka and thrombin. Heparin was being used

to treat pulmonary emboli ithe 1930’s through intrameus injections and by the
1970’s it was being administered by sub-cutaneous injection (McLachlin, Carroll
et al. 1970).

Both heparin and HS have elevatedphaltion levels and are comprised of the
repeating disaccharide composed of acgtonic acid (GIcA) linked to a N-
acetylated glucosamine (GIcNACc) linked via. &4 liaison (4GIcA1-4GIcNAcl).
Both units of the disacehide can be enzymatically modified during their
biosynthesis to containdifferent modifications. More precisely, these
modifications includeN-deacetylation/MNsulphation of the glucosamine (GIcNAc
to GIcNS), C5 epimerisation of gluauric acid (GIcA) toiduronic acid (IdoA)
and variable number of klnations at position C2 dhe GIcA(2S)/Id0A(2S) or
positions 6 [GICNAc(6S) or GICcNS(6SEnd 3 [GIcNS(3S) or GICNS(6S,3S)
(rare)] of the glucosamine (GIcN) sidue. In addition, the Glucosamine can
sometimes be non-substituted at the a&nposition, giving rise to free GICN. So
with all these modifications, 48 differemlisaccharide unit€an be generated
which suggests an inconceivable struakudiversity along the length of these
polysaccharides leading to an equivalent functional diversigu(e 2.).

Sulphations occur in certain regions/domains along the polysaccharide chain.
There are two types of domain; N-acetgthtglucosamine (NAc domains) or N-
sulphated glucosamine (NS domainsyl anixed NA/NS domains have properties

in between the two. In HS, about 30 - 70¥%ihe chains condi®f NS domains,
however the sulphation level in heparmsignificantly higher with about 80%
attributed to NS domains. The majoratisharidic motif found in heparin is [IdoA

2S — GIcNS 68S].

Despite their similarities, heparin andplaean sulphate have different functions
and are synthesized in different locations. Heparin is mostly expressed in
mastocytes in connective and mucosal g#ssand HS are expressed in all cells.
Heparin is expressed in the proteoglycan form T80 000 kDa — 100 000 kDa)

and many chains can be attached tolgeirg the core protein. Once the synthesis

is complete, smaller fragments (M000 — 25 000 kDa) of heparin chains are
cleaved at random points and stored in granules that will be secreted into the
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cytoplasm of the mastocytes or outsmfethe cell. On the other hand, HS are
rarely found as free oligosaccharide entgitéand are mostly attached to their core
proteins (HSPGs) in the extracellulanatrix and at the surface of cells

(glycocalyx).

2.2 Biosynthesis and Degradation of GAGs

2.2.1 Biosynthesis and organisation

As explained above, many different meardh of the GAG family exist (HP/HS,
CS/DS, KS and HA) and each GAG differs acliog to its structure, size, place

of biosynthesis, post-synthesis modificats, functions and talisation. In order

to produce such diversity among the diffar&AG families, there is a large range

of specific enzymes that orchestratee finely controlled process of GAG
biosynthesis, post-synthesis modifications and proteoglycan turnover depending
on the microenvironment. The extent®@AG sulphation is wat largely governs

their protein binding and modating properties; thus thesynthesis, structure and
renewal is highly regulated in orderftne tune biologicaprocesses.

GAG biosynthesis can be divided intoawroups; GAGs that are not linked to a
core protein during chainatgation (HA) and GAGs thatre synthesized from an
anchorage point, the protein core dgrchain synthesis (HHS, KS, CS/DS).

GAG synthesis is a compleand highly regulated process and it can be broken
down into three main steps; i) Initiation: formation of the tetrasaccharide linker
which allows the attachment of the pagsharide chain onto the core protein at a
dipeptide serine-glycine; ii) Polymerization: then follows the synthesis of an
immature saccharide chain (pro-hepam@n)sisting of GICA and GICNAc residues
exclusively (for HS); iii) Polymer ModiGation: finally maturation of the chain
occurs. For HS, N-deacetylation/N-sulphation of the glucosamines, C5
epimerisation of the GIcA to IdoA, 2-8ulphation of the IdoA and 6-O
sulphation (and eventually @-sulphation) of the glucosamines, takes place (Esko
and Selleck 2002; Merry and Gallagher 2002; Rabenstein 2002; Kusche-Gullberg
and Kjellen 2003; Lindal and Li 2009).

2.2.1.1 Formation of the tetrasaccharide linker

Except for hyaluronic acid, biosynthesis of all GAGs is initiated by the formation
of an Oglycosidic bond between the hydroxgf the serine (occasionally a
threonine) side chain in the core protein and a xylose in the tetrasaccharide motif
GlcA( 1-3)Gal( 1-3)-Gal( 1-4)-Xyl( 1-O)-Ser (Lindahl and Hook 1978; Kjellen

and Lindahl 1991; Esko and Lindahl 20@hang 2010). The UDP-xylose is the
donor which is transferred to the serime xylose-transferas(XyIT-1 and XyIT-

2) and this occurs in the endoplasméticulum. Following the xylose transfer,
galactosyltransferases (GalTl and ajd the two galactoses and finally
glucuronyltransferase (GICAT-1) adds tigducuronic acid (Esko, Kimata et al.
2009) Figure 2.2.
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Figure 2.2 The biosynthesis of CSIdft chain) and HS ¢ight chain) is initiated by the
formation of the tetrasaccharide linker bdween the core protein ser-gly and the
polysaccharide chain. Addition of the firs hexosamine decides weather the chain becomes
CS (GalNACc) or HS (GIcNAc). Taken from (Esko, Kimata et al. 2009)

2.2.1.2 Chain Elongation

The next step in the biosynthesistie subsequent addition of a hexosamine
(either a galatosamine.@GalNAc] or a glucosamine {GIcNAc]) and this will
orient the biosynthesis in the directionesther CS/DS assembly or HS assembly
respectively. The following saccharide tiidded, determines the type of newly
synthesized GAG chain that will be crehitd GIcNAc will prime the synthesis of

an HS chain, however a GalNAc will prime the CS/DS formation. This process
and its regulation is not fully understood. For many years, the mechanism that
determines the choice of synthestd either a glucosaminoglycan or a
galactosaminoglycan was unknown, howewsudies have shown that the
structure of the core protein, theigigoring acidic resiues, hydrophobic amino
acids and the spacing of glycosylatigites all influence glycosaminoglycan
assembly (Esko and Zhang 1996).

The discovery of GIcNAc TransferasgGICNACT 1) and chondroitin GalNAc
transferase (chondroitin GalNACT 1 or 2)shaso shed light on this matter. Many
enzymes are implicated in this procesddition of the glucosamine is performed
by enzymes EXTL 2 and EXTL 3 and additioha galactosamine is executed by
enzymes GalNAcCT 1 and GalNAcT Eigure 2.3 (Rohrmann, Niemann et al.
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1985). EXTL 2 is a homologue of GIcNAd which adds a GalNAc with al-4
liaison onto the GIcA residue situatedtla¢ reducing end of the tetrasaccharide,
however in order to initiate CS/DS synthesisla4 liaison is required. Up to now,
the biological role of this enzymatiactivity of EXTL2 has not yet been
determined.

These enzymes initiate the biosynthesis of HP/HS chains or CS/DS chains,
however the choice of which type of gshccharide chain to add does not depend

on which enzymes are present at the time in the environment but rather on the
amino acid sequence around the serine of the core protein to which the chains are
being attached.

HP/HS polymerization begins with theeahating addition of GIcA and GIcNAc

to the non-reducing end of the chain bg #nzymes EXT1 and EXT2 in the golgi

apparatus where they form the HS polymerase (McCormick, Duncan et al. 2000).

CS/DS polymerization has taken mamgears to clearly understand; the

chondroitin synthase (ChSy) hd#ferent enzymatic activities {-3-GIcA and
1-4-GalNAc transferase) and is pessible for CS chain polymerization

(Kitagawa, Uyama et al. 2001).

2.2.1.3 Chain Maturation

The last stage of polysaccharide biosysthes an ordered process of chain
modification catalysed by several different enzymes, which will generate mature
and structurally diverse polysaccharides.

In HS, the first step is the prerequisiiar all further modifications, it is the
replacement of the acetyl group on the glucosamine for a sulphate group. These
two reactions are catalysed B+deacetylase N-sulphotransferase (NDST) of
which there are four members in humaNDST1-4). NDST1 and NDST2 have
broad expression patter(fsund in most cell types and tissues), however NDST3
and NDST4 have a much more restrictkggression pattern (Aikawa, Grobe et al.
2001). The first modification that takes place is extremely important for the
downstream maturation of the GAG chaim&i NDST is the first-acting enzyme,

it ‘defines’ the size and number & domains along the GAG chain length and
thus influences the action of all thegsential enzymes implicated in the GAG
maturation. NDST influences the degr of modification/sulphation of the
polysaccharide and can thus regulate the principal criteria that distinguish heparin
from HS. In fact, NDST exerts its acti@t the point of divergence between HP
and HS and despite the importance ifrate, very little is understood about the
mechanisms of its regulation. On heparin polymers, most of the GIcNAc will be
N-deacetylated and then N-sulphated thg NDST. However, in the case of
heparan sulphate, only a few GIcNAc residues will be modified by NDST.

Prestoet al ., unexpectedly discovered thBIDST1 competes with EXT1 for
binding to EXT2 and that in the absenof EXT1, there is increased NDST1
expression, increased NDST1 glycosylation and thus a resulting increased HS
sulphation (Presto, Thuveson et al. 2008}hia work, they show beautifully how
depending on the different ratios of EX EXT2 and NDST1 present in the
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GAGosome (physical complex of enzymasmmitted to HS assembly), the fate
of the HS chain structure will change.

The next steps of maturation are theaabysis of glucuronic acid (GIcA) to
iduronic aid (IdoA) by the C5 epimera@ecently renamed Hsepi). This reaction

is reversible and thus GIcA and IdoA residues are in equilibrium. The presence of
IdoA favors the 2-Gsulphation of the uronic ats (by 2-OST) however, the
addition of a 2©-sulphation is an irreversibleeaction and thus the IdoA 2S
epimer is no longer in equilibrium witBIcA (Bernfield, Gdte et al. 1999; Li,
Gong et al. 2003). The C5 epimerase als® $ubstrate specificity as its activity
depends on the presence of N-sulphatedagamines and this is what explains
the absence of IdoA in NAc domains. These two enzymes work together in
concert and previous work has suggested that they exist as a heterodimer in the
golgi apparatus.

Following the 2-Gsulphation, the HS polysacchagglare then sulphated at the
C6 position of the glucosamine by a family of enzymes calle®- 6-
sulphotransferases (6-OST) of which thare 3 isoforms (6-OST1, 2 and 3). This
modification is not strictly dependent dime preceding modifications and the 6S
sulphation can be deéd onto either an -Hcetylated glucosamine or an N-
sulphated glucosamine in the transition domains. Thus far, the substrate
specificity for 6-OST is notlearly known, however, is understood that 6-OST 1

is responsible for the ©-sulphation of HS in most tissues (Habuchi, Nagai et al.
2007).

A final and rare step is the G-sulphation of the N-sulphated glucosamines by
one of 7 isoforms of ®-sulphotransferases (3-OST). This modification is
important for the anticoagulant propertigsheparin and HS and is required for
antithrombin 11l fixation and it has beeh@wn to play a crucial role in HSV entry
(Yabe, Shukla et al. 2001).

All of these modificationgesult in the production opolysaccharides with an
enormous structural heterogeneity whallows these anionic molecules to bind
to an array of ligands with great specificifyiqure 2.3. The NS domains which
carry a strong negative charge interaghvbasic regions on protein ligands and
this will be discussfurther in sectior2.3.
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Figure 2.3 Heparan sulphate biosythesis involves cpolymerization of N-acetylglucosamine
and glucuronic acid residues. A series of naification reactions including sulphation and
epimerization of glucuronic acid to iduronic acid occus; chain polymerization and
modification are thought to occur simultaneously (PAPS) 3phosphoadenyl-5
phosphosulfate, the high-energy donor of sulptia groups. Taken from (Esko, Kimata et al.
2009)

2.2.2 GAGCatabolism: Remodelling and Recycling of GAGs

In order for the cell to adapt to the rapid changes in its environment, the size,
composition and structure of the protgagins and HS chairsan be controlled

by remodelling of the sulphate profile agcycling of the chains to liberate free
disaccharides. It is important to tilgguish between théwo types of GAG
catabolism; either the GAGs are functionally remodelled in order to refine their
biological activity or theyare physically removed (Halife 3-4 hours) and then
renewed at the cell surfacediYagishita and Hascall 1984).

The classic pathway for HS degradatienthe endocytosis of proteoglycans.
These internalized proteoglycans areiatly degraded by mteases that cleave

the core protein and then hydrolases @itkxoglycosidases or endoglycosidases)
such as heparanase which depolymerieesHS chains at a specific number of
sites, depending on sequence (Esko, Kimata et al. 2009). These smaller degraded
oligosaccharides eventually appesr the lysosome and undergo complete
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degradation by way of a series of exogigiclases and sulphatases which digest
the chains into monosaccharides and inorganic sulphates (Brauker and Wang
1987). Recycling of GAGs is a natural and essential process for the normal
functioning of the cells Mutations and or defects in the GAG catabolism
machinery genes provoke an accumulation of partially degraded HS fragments
and lead to pathologies such as opaysaccharidoses (MPS), rare autosomal
recessive diseases that provoke irreverddgmns in the cells, tissues and organs
(Ashworth, Biswas et al. 2006).

The remodelling of GAGs involves heparargsehich also have an extracellular
activity, where they are capable of remiidg the HSPGs secreted to the surface
of cells during inflammation, angiogenesisd metastatic tumour growth (lhrcke,
Parker et al. 1998; Dempsey, Plummerket2000; Sanderson, Yang et al. 2004;
Vlodavsky, Abboud-Jarrous et al. 2006).rFihis reason, heparanases have
become a major target for anti-candengs (Ferro, Hammonet al. 2004; Miao,
Liu et al. 2006; McKenzie 2007pulfs are a family of sulphatases that have been
recently discovered and they are localisadhe surfaces of cells and found in the
extracellular matrix after being secreted from thegg@Dhoot, Gustafsson et al.
2001; Morimoto-Tomita, Uchimura et.aR002). Two forms of Sulfs exist in
humans (HSulf-1 and HSulf-2), andeth posses an endo-glucosaminyl-6-O-
sulphatase activity. Numerous studieave shown that these enzymes which
modify the specific profile of the &-sulphation within the NS domains of HS
can thus significantly alter the biologiqaioperties of these HS chains and in turn
alter their capacity to modulate the activitya number of chemokines, cytokines
and morphogens (Ai, Do et al. 200¥iviano, Paine-Saunders et al. 2004;
Uchimura, Morimoto-Tomita et al. 2006). B@te the great interest that these
enzymes provoke in the context of csignalling regulation and perhaps viral-
host cell interaction, vg little is known &@out their structuréanction relationship
and the regulation of their function.

In the case of syndecan, matrix metaliipmases (MMP) cleave the extracellular
domains from the protein at a site @da® the cell membrane during periods of
injury or stress (Li,Park et al. 2002) and liberate soluble syndecan into the
biological milieu. Interestingly, the soluble fragments can have a completely
different function from that of the syndecans immobilized in the cell membrane;
for example soluble syndecan inhibitsbieiblast growth factor 2 (FGF-2),
however, the cell-bound forractivates it's signalling (8nfield, Gotte et al.
1999).

2.2.3 GAGdegradation enzymes in the laboratory

Enzymes that are capable of digesting GAG@sge been discovered in bacteria and
these have been commercialized to be used for the purpose of GAG
characterization in the laboratory. These enzymes recognize precise
oligosaccharide sequences and this allthesremoval, identification and isolation

of specific structural sub-domains of GAGagais. Heparinases |, Il and 11l digest

HP and HS between the glucosamine and the uronic acid, and chondroitinases
ABC digest chondroitin sulpb@a A, B and C between thd&-acetylated
galactosamine and a glucuronic acid (Figurg.2.4
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Figure 2.4 (A) The heparinases cut the oligosaccharide at thd-4 glycosidic liaison between

a glucosamine and a uronic acid (GIcA or IdoA). Heparinase | cuts between a hexosamine
and a 20-sulphated uronic acid. Heparinase Il cuts between a hexosamine and a uronic acid
and heparinise Il cuts between a hexosaminand a glucuronic acid (B) Chondroitinase
ABC cut between the N-acetyl heosamine and the uronic acid.

2.3 HS&rotein Interactions

Since GAGs are ubiquitous (present on sheface of almost kRtells and in the
extracellular matrix), it is natural thatetbe poly-anionic molecules interact with a
plethora of different protas. The study of these intetimns (structwal studies,
dynamics and functional studies) is paramount to understanding the biological
phenomena associated with GAGs as well as harnessing their properties for
therapeutic applications.

2.3.1 Structure &&unction Relations

The binding interaction between proteins and heparaatd oligosaccharides is
primarily electrostatic, inveing interactions between @aic side chains within
the protein (ammonium, guanmum or imidazolium groups of lysine, arginine or
histidine) and anionic sites on the HPH®. Hundreds of diverse proteins have
been identified as ‘heparininding proteins’ (HBP) sth as enzymes, enzyme-
inhibitors, cytokines, morphogens, growfdctors, matrix proteins, lipoproteins
and proteins associatedth disease etc (Kjellen and Lindahl 1991; Bernfield,
Gotte et al. 1999; Bislm Schuksz et al. 2007y ble 3.

Due to their strategic placement, GAGe anplicated in an enormous amount of
biological processes and communicat between cells; they induce
conformational changes in certain proteins (as is the case for antithrombin III)
(Petitou, Casu et al. 2003) allowing for targrotein recognition (a protease as is
the case for antithrombitil) (Olson, Bjork et al. 1992), they participate in
protein-protein interactions, they functias coreceptors (as in the case for FGF)
(Rapraeger, Krufka et al. 1991), and they a#so act as a site of anchorage for
certain pathogens, such as gp120 on HI{Moulard, Lortat-Jacob et al. 2000).
GAGs are also implicated in cell adh@siand matrix assembly (Okamoto, Bachy

et al. 2003) as well as ghlocalisation andtoncentration of chemokines (e.g.
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CXCL12) (Amara, Lorthioir et al. 199%adir, Baleux et al2001; Lortat-Jacob,
Grosdidier et al. 2002; Sweeney, lairlacob et al. 2002), cytokines (IBN
(Lortat-Jacob, Kleinman etl. 1991) and the protection oértain proteins from
proteolysis (Lortat-Jacob, Baltzeradt 1996; Sadir, Imberty et al. 2004).

Figure 2.5 This is a gene ontology depicting the vast number of biological processes
implicated in heparin/HS interactions, and thus called the ‘interactome’. Data for this map
was provided from different databases of iteracting proteins (e.g. NCBI Entrez GenelD).
The node size is proportional to the numbeiof heparin-binding proteins belonging to the
functional category and the node shade or grey indicates the statistical significance (p value)
of each pathways’ over representation (enrichme in heparin binding proteins (HBP). l.e.
the lighter the node, the stronger the enrichmenin the interactome and the more studied the
process is. Taken from (Ori, Wilkinson et al. 2011)
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Table 3. Table showing the wideange of proteins that bind to heparin and heparan sulphate
adapted from (Capila and Linhardt 2002; Ori, Wilkinson et al. 2011)

Family of proteins
Protease/Esterase

Growth Factors

Morphogens

Cytokines

Lipid-binding proteins

Adhesion Proteins

Pathogens

Protein

AT-Ill, SLPI, C1i, VCP,
trypsin-like serine protease
subtilase family

FGFs, VEGR, HGF, PDGF,

Insulin-like Growth Factor
binding protein, TGF-
propeptide

wnt, Hedgehog, BMP

IFN, IL-5,8,10, IL-8-like

Annexin V, ApoE

Selectins, fibronectin,
Vitronectin, Collagen type
V, Collagen triple helix
repeat, fibrillar collagen,
thrombospondin, Laminin,
sushi domains

Proteins on: HIV-1, dengue
virus, HSV, papillomavirus,
Adenovirus, adeno-
associated virus (AAV),
streptococcus pneumoniae
plasmodium falciparum.

Function

Coagulation, metabolic
pathways and the
complement pathway,
protein maturation by
peptide bond cleavage

Regulation of cell
proliferation,
differentiation and cell
migration, chemotaxis,
angiogenesis, cell-cell
signalling

Development,
embryogenesis, wound
healing, blood vessel and
vasculature development

Inflammation response,
response to wound
healing, defense
response, immune
response

Transport and
metabolism of lipids

Adhesion, migration,
locomotory behaviour,
cell motility

Infection

2.3.1.1 Specificity

Binding interactions between heparin binding proteins (HBP) and negatively
charged heparin may lead to the falsecpption that proteins bind HS through a
poorly-specific manner. However, it idbeen shown that there are certain
sequences within the NS and NA/NS trénsi domains of HS that have specific
interactions with proteins and that thesteractions result in a regulation of the
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proteins’ function (Salmivirtal.idholt et al. 1996; Lindal, Kusche-Gullberg et al.
1998; Turnbull, Powell et al. 2001). Suchesivity can be achieved through ‘rare
components’ such abl-acetylated glucosamine (3S, 6S) present in the anti-
thrombin binding pentasaccharide sequence of heparin which is essential for its
anticoagulant activity (Lindahl, Kuscheudtberg et al. 1998). Typically, between

3-7 disaccharides are involved in protein-binding, however, longer fragments can
also be involved as they wrap arouti@ protein (Lortat-Jacob, Turnbull et al.
1995; Lindahl, Kusche-Gullberg et 4098; Turnbull, Powell et al. 2001).

After comparing heparin binding and nbeparin binding proteins, different
consensus sequences for GAG binding based on clustered basic amino acid
residues were identified, including; XBBXBX, XBBBXXBX and
XBBBXXBBBXXBBX, where B and X arebasic and neutral/hydrophobic amino
acid residues, respectivglgardin and Weintraub 1989; Sobel, Soler et al. 1992).
In addition, the HP binding sites are mwcessarily linear but can also include
conformational epitopes comprising didtaamino acids organized in a precise
spatial orientation through the folding tife protein. This has been shown by
several different techniquesijte directed mutagenesis (Yamashita, Beck et al.
2004), structural characterisation gjrotein/heparin complexes by NMR
(Kuschert, Hoogewerf et al. 1998), Xyrarystallography (Mulloy and Linhardt
2001), molecular modelling (Lortat-Jatw, Grosdidier et al. 2002) and the
development of a new approach, whictiese on the proteolytic digestion of
protein/heparin complexes and the sujosat identificatiorof the heparin bound
peptides by N-terminus sequencifgives, Crublet et al. 2004).

2.3.2 GAGsas coreceptors and Internalisation

GAGs used to be thought of as low affinity receptors, and over time they have
been better defined to act as corecept GAGs collaborate with conventional
cell-surface receptor proteins, both in birglicells to the exaéicellular matrix and

in initiating the response of cells to some growth factors.

One of the most studied interactiobstween GAGs and proteins, is that of
fibroblast growth factor (FGF) and p&ran sulphate. Here, HS acts as a
coreceptor and of the 23 different FGFGF-1, 2 and 7 are the most studied.
Yayon et al., showed that FGF-2 requires kBorder to bind to its receptor
(FGFR1) and proposed that FGF undemiva conformational change when it
bound to HS, allowing recognition of itsceptor (Yayon, Klagsbrun et al. 1991).

In the same year, Rapraegaral., proposed that FGF forms a ternary complex
with HP/HS and its receptavhich consequently transmits the signal (Rapraeger,
Krufka et al. 1991). Later in 1992, thmontroversial issue of how the FGF
signalling complex is formed was furthdeveloped by Ornitz and colleagues,
where they proposed that astasaccharide HS is the minimum size to bind and
cause the dimerisation of two FGFs, which then causes dimerisation on the
receptors and downstream signalling (Ornitz, Yayon et al. 1992). It is now
accepted after further structural studies tH&treinforces the interaction between
the FGF-FGFR complex 2:2 and that ttisierisation of the receptors transduces
the signal that leds to autophosphorylation ofetlkinase. Here, GAGs are shown

to act as coreceptors and sliali protein-protein interaction.
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As mentioned above, GAGs are recycleg a means of ternalisation and
downstream transport into lysosomes in the cytoplasm where they are
subsequently digested. During internafisn of the GAGs, proteins that are
bound or associated with the GAGs will beinternalised, sucis the case for
vitronectin, thrombospondin, FGF2, ATIII as well lipoprotein lipase (LPL). LPL
is an enzyme produced by adipocytes @néssential to lipid metabolism. The
monomeric form of LPL has a weak irdetion with cell surface GAGs, however
as a dimer it interactsrengly with HS witha low nM affinty (Lookene, Savonen
et al. 1997). When associated with BAGs, LPL is in close proximity to the
lipoproteins and thus allows digestion. ¥vhthe GAGs are internalised, so are the
lipoproteins and LPL, leading tbeir endocytosis and catabolism.

2.3.3 Capture, Releaseand Protection of proteins

HSPGs can transiently capture growth factors and morphogens which may
stabilize protein gradients to control thenge of signalling (ander, Nie et al.
2002; Guimond and Turnbull 2004; Kozieluath et al. 2004; Kirkpatrick and
Selleck 2007) or protect proteins against degradation by proteases (Small,
Nurcombe et al. 1992). On the otheand, proteins that are bound to the GAGs
may be released through protease-mediated shedding of the PG ectodomains or
through cleavage of the HS chainshsparanase (Lindaland Li 2009). HSPGs

can also act itrans where the core protein of oRSPG attached to one cell will
extend and deliver a protein to a ‘retmp located on a neighbouring cell.
Through a balance of these signallingd astructural roles, HSPG signalling
coreceptors can either be tumopromoting or tumour suppressing and
understanding the mechanism of actiontledse processes winable effective
targeting of the coreceptors and patigvéor treatment of human disease.

2.4 Role of HSin pathogenic Infections

Other than their implication in a multitude biological proceses, HS are also
exploited by a large number of pathogassa site of anchorage onto the host cell
from which they can gain entry. Pathogens use HS as an attachment site to
increase the concentration of infectious jokes at the surface of the cell as well

as to spatially facilitate easccess to the host’'s coreceptors.

2.4.1 Attachment of bacteria and parasites

Parasites such &asmodium falciparungresponsible for malaria]rypanosoma

cruzi (responsible for Chagas disease) @ingoplasma gondiicausative agent for
encephalitis) use GAGs to gaentry into host cells.P.falciparum binds to
chondroitin sulphate A chains on the cefisthe salivary glad in the mosquito
(Barragan, Spillmann et al. 1999). GAGs are also a site of attachment for bacteria
such as Pseudomonas aeruginddalicobacter pylorj Listeria monocytogenes
Streptococcus pneumoniae Some bacteria exploit the properties of
oligosaccharide fragments as tools to augment their virulence. As in the case for
P. aeruginosa, invasion of the host cell provokes signalling pathways that
involves tyrosine kinases activation and downstream release of syndecans into the
extracellular milieu (Schmidtchen, Frick et al. 2001). These liberated
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polysaccharides are thus participating in the virulencB.aderuginosaand are
capable of binding to anahactivating host cationic @rmicrobicidal peptides
such as defensins. Conversely, muat&nock-out mice for the expression of
syndecan-1 are more resistant to infectiorPbyaeruginosahan their wild type
counterparts (Park, &i et al. 2000).

2.4.2 Attachment of viruses

Many viruses are capable of bindingG&Gs; HIV, herpes (HSV-1), adenovirus,
papillomavirus and dengue virus. PrimgriHS serves as an attachment receptor
that enables these viruses to come on the host cell surface and gain
proximity to the actual cell coreceptors and may influence viral tromswitro
(Ugolini, Mondor et al. 1999; Spillmann 200&germi, Crance et al. 2002; Liu and
Thorp 2002). Enzymatic treatment of T-cell linmeish heparinases and removal of
sulphates from GAG chains with sodiuchlorate prevents HIV-1 (l1IB/Hx10)
infection (Patel, Yanagishita et al. 1998ondor, Ugolini et al. 1998). Here, | will
focus on the interaction between HS &ty throughout the course of infection
and the therapeutigplications of HS.

2.4.2.1 HS binding to gp120

HIV is able to bind to a range of molecules present on the cell surface, other than
its classical primaryreceptor and coreceptr CD4 and CCR5/CXCR4
respectively (Ugolini, Mondor et all999). As described in Sectidn2.10, such
molecules are lectins, DC-SIGN, gbgphyngolipides and GAGs, particularly
heparan sulphate.

Like other pathogens (Vives, Lortdacob et al. 2006), HIV exploits the
properties of HS to attach to the cslirface however, the agt role of these
polysaccharides during HIV infectiomemains unclear. Because of their
abundance, HS were mainly consideredassachment receptors” of the virus, the
function of which was to facilitate the infection by concentrating viral particles on
the surface of the host cell. This che referred to as infection itis. Various
studies have shown that the eliminatiof HS expressed on the cell surface
enabled these cells to become less pEsive to infection, at least with lab-
adapted viruses (Roderiquez, Oravecz etl@B5). In parallel, HS can mediate
infection intrans whereby HS expressed on non-permissive cells can bind to and
collect the virus at the cedlurface and then transfer thieus to permissive cells
(Olinger, Saifuddin et al. 2000;dBardt, Saphire et al. 2003).

HIV-HS interactions can occur at different times in different situations and serve
different purposes. At the point of HI¥ntry, the virus encounters host mucosal
surfaces and the abundant HS moleculekearglycocalyx trap the viral molecules
and efficiently allow the translocation difie virus through the epithelial layer
towards their target cells (Bomsel ands&in 2003; Wu, Chen et al. 2003). In a
similar fashion, HS expressed by endothelial cells of the blood-brain barrier
sequester the viral partidleand contribute to the guess of neuro-invasion
(Argyris, Acheampong et al. 2003; Bank&opbinson et al. 2004). Due to their
anionic nature, HS will preferentiallyind to CXCR4 utilizing HIV envelopes due

to their overall basic charge and thus Hfay play an importa role in viral
tropism during the course of infection.
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The interaction between HIV-1 and Hfgpends on the quality and degree of
sulphation of the oligosaccharides prasarnhe cell surface and these parameters
depend on the tissue of origin and the sedfate of activation and differentiation
(Maccarana, Sakura et al. 1996; Ohshiro, Murakami et al. 1996). Most of the
research around HIV-1 and HS binding is conducted us#g that express high
levels of HS, however, the natural hosts of HIV-1 do not express such high levels.
CD4" T Lymphocytes express weak amount$i& which may vary as a function

of their stage of differaration and monocytes alsxmess low amounts of HS.
However, macrophages express low lex#l<D4 and high levels of HS and it
has been suggested that HS cammpensate for low levels of CD4 on
macrophages (Saphire, Bobardt et al. 2001). A study by Boleirdal,
characterising the oligosaccharide motifat are involved in HIV-1 fixation onto

HS has shown that the @sulphate residues are craicfor viral binding to
epithelial cells (Bobardt, Chatterji et.aP007). The characterisation of this
binding interaction is highly complex ans vital to better understanding viral
entry and the development etry inhibitory compounds.

2.4.2.2 Characterisation of the gpl120/HS interaction

In 1995, Roderiqueet al., showed that HIV-1 gp12bBound to heparan sulphate
through its V3 loop (Rodeguez, Oravecz et al. 1995), hewer the structural and
functional aspects of this interaatiovere not well understood. Moulard and
colleagues showed that this interaction was largely due to the electrostatic
attraction between the anionic HS oe ttell surface and the global basic charge
of the V3 loop (Moulard, Lortat-Jacob &t 2000). A R5 HIV-1 variant typically
possesses a net V3 loop positive charge” & and that of an X4 variant is
typically < 5 (Briggs, Tuttle et al. 2000). The prediction of CCR5 coreceptor
usage from HIV-lenv sequences, is performed by the presence of neutral and
negatively charged amino acids at positions 11 and 25 respectively, in the V3 loop
(De Jong, De Ronde et al. 1992; Fouch@menink et al. 1992¥lilich, Margolin

et al. 1993; Fouchier, Brouwer et al. 1995; Xiao, Owen et al. 1998; Hoffman,
Seillier-Moiseiwitsch et al. 2002). Convergelf a basic/positive amino acid is
found at position 11 and/or 25 the seggee will probably represent a Sl
phenotype (De Jong, De Ronde et al. 198@uchier, Groemk et al. 1992;
Fouchier, Brouwer et al. 1998ilich, Margolin et al 1997; Brumme, Dong et al.
2004; Brumme, Goodrich et al. 2005). SuchaBmariations in the charge of the

V3 loop can have great consequences for the affinity of the envelope for HS.

2.4.2.2.1 Gp120 binding toHSis linked to Tropism

CCRS5 utilizing envelopes do not bind to HS as strongly as do CXCR4 utilizing
envelopes, however, how this phenomenon is linked to earlg-stéagtion is not

fully understood. This has been confirmed in our laboratory when injecting
different tropic gp120 over a surface whmobilized heparan sulphate using
Surface Plasmon Resonance (SPR, sec®ob0.5) technology. X4-tropic
envelopes have a high affinity fahe immobilized HS, shown by the low
dissociation of the stabmplex that is formed=gure 2. and R5-tropic gp120
binds with a much lower affinity than the X4-tropic envelopes due to the reduced
number of positive charges in its V8op. As can been seen here, there is
correlation between viral tropism and the ability for gp120 to bind to HS and since
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there are such great differences ledw the two types of virus (their
pathogenicity, distribution durg infection), HS is likelyto play a major role in
these differences. Interestingly, the saeffect is seen for whole viruses; X4
viruses also form a stable complex when injected over an HS surface and R5
viruses bind very weakly and dissociaféan HS surface (Moulard, Lortat-Jacob

et al. 2000).

Figure 2.6 Surface Plasmon Resonance (SPRjnding curves showing the interaction
between X4 (A) and R5 (B) tropic envelopes bindg to a HS surface. 60nM of each envelope
was injected and negative binding surface datavas subtracted. Taken from (Lortat-Jacob,
Fender et al. 2005). The binding responses (RU) were recorded as a function of time (in s)
— these parameters will be used for abPR sensograms throughout the manuscript.

2.4.2.2.2 The CD4 induced (CD4i) domain is an HS

binding site
As mentioned above, the V3 loop was elishled as being a point of attachment
between the HS and gp120. In 2005 Vieésl., showed that the CD4i site was a
second binding site on gp120 for HS when they injected gp120 (HxBC2) either in
the presence or absence of CD4 onimmobilized HS surface using an SPR-
based technique (Biacore) (Vives,Hderty et al. 2005). The gp120/CD4 complex
had a much higher binding responsetfog HS as compared to the gp120 on its
own (Figure 2.7A and B). This result was confirmed by injecting gp120/CD4
complexes over a 17b surface in the presence and absence of heparin. The
monoclonal antibody 17b is used as a corexregurrogate as it belongs to a group
of monoclonal antibodies defined as iodd by CD4 (Thali, Moore et al. 1993),
the epitopes of which on gp120 overthp coreceptor binding surface.

The gp120/CD4 complex binding to 17b is clearly inhibited by the presence of
heparin, thus heparin binds to the coreceptor binding region of gp120 and inhibits
recognition by the 17b antibod¥igure 2.7C).
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Figure 2.7 (A) 50nM of either gp120 alone (blueurve) or gp120 in the presence of equimolar
amount of CD4 (red curve) over a Heparin surface. (B) Inhibition of gp120/CD4 (5 and
10nM respectively) complex binding to 17b orthe sensor chip surface in the presence of
different concentrations of heparin (0-16.7nM).

Molecular modelling has confirmed that afigosaccharide can indeed interact
with both the V3 loop and CD4i sitensiiltaneously. The model suggests that the
size of the oligosaccharide that is regdite cover all the kmsc residues of these
two domains is between 10-12 monosaccharides IBiugie 2.8\). This model

was confirmed by inhibiting the tding of gp120/CD4 complexes onto a 17b
surface with varying sizes of purified heparin oligosaccharides (dp [degree of
polymerisation] 2 — 18). The experimentilta was in clear agreement with the
modelling data as an oligosaccharideabfeast 10 monosaccharides is necessary
to significantly inhibit the gp120/CD4 owplex from binding to its coreceptor
surrogate 17bRigure 2.8) (Vives, Imberty et al. 2005).
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Figure 2.8 (A) Molecular modelling of the pacement of a hexadecasaccharide of heparin
onto the gpl20 (HxBC2) crystallographic structure, showing that a dodeccasaccharide
encompases both the V3 and CD4i binding teis. The MOLCAD surface of the gp120 is
coloured according to its electrgtatic potential (red for the basic residues and blue for the
acidic residues). (B) Zoom up of the CD4i sitevith the basic amino acids involved in the
GAG- binding interaction annotated. (C) The gpl20/CD4 complexes (5 and 10nM
respectively) were co-incubatedwith different lengths of hepain oligosaccharides before
injecting them over a 17b surface on the Biage. A decasaccharide is the smallest fragment
required for significant inhibiti on of the complex binding to 17b. Images adapted from
(Vives, Imberty et al. 2005).

In order to investigate the structutasis of the HS-gp120 interaction in more
detail, Crubletet al, used a mapping strategy acmimpared the heparin binding
activity of wild type and mutant gp120 tecules using SPR based binding assays
(Crublet, Andrieu et al. 2008). Through the use of several gp120 constructs
containing mutated amino acids in @8®4i region, combined with the mapping
strategy, four heparin binding domains wigkentified: In the V2 and V3 loops, in

the C-terminal domain and within the Cilnttuced bridging shéeThree of these
regions are areas that ungle structural re-arrangements upon the binding of CD4
and are involved in co-receptor recognition. Residues Arg419, Lys421 and
Lys432 are all involved in ceceptor recognitio and are targeted by heparin and
these sites are targets foral entry inhibition (Rizzuto, Wyatt et al. 1998).
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2.5 Therapeutic applications of HSin HIV infection

2.5.1 Anionic Binders

One of the promising strategies to combat HIV-1 entry is with the use of
sulphated polysaccharides as they have been shown to inhibit HIV-1 infection
(Ueno and Kuno 1987; Baba, Snoeckakt1988; Bagasra and Lischner 1988).
Polyanions recognise proteins via thastérs of basic amo acids exposed on
their surfaces (Whitelocland lozzo 2005) and thuws large body of work has
characterised the gp120/HS complex, showing that heparin, HS, polyanions and
dextran sulphate bind tthe V3 loop of gp120 and catompete with V3 loop
specific monoclonal antibodies (Callahan, Phelan et al. 1991; Batinic and Robey
1992; Rider, Coombe et al. 1994; &la, Patterson et al. 1995).

The bridging sheet and epitopes exposed upon CD4 binding (CD4i) are also
involved in the binding opolyanions (Roderiquez, Orewz et al. 1995; Moulard,
Lortat-Jacob et al. 2000). The CD4i caiso bind to negatively charged
sulphotyrosine residues found in the céenpentary determining region of CD4i
neutralizing monoclonal antibodies (412ad E51) and also found in the N-
terminal of both coreceptors, CCR5 a@XCR4 (Choe, Li et al. 2003; Huang,
Venturi et al. 2004).

Many sulphated polysaccharides have theen studied for their antiviral
properties and potential usage as woilcides. Sulphated polysaccharides
extracted from marine spongekrylus discophorus show strong anti viral
activity (up to 95% inhibition of HIV-1)Esteves, Nicolai et al. 2011). Dextran
sulphate can possess 2-3 sulphate groups per D-glucdsé) and can bind to
V3 loop and CD4i of gpl120 in the samestiéon as HS (Callahan, Phelan et al.
1991; Moulard, Lortat-Jacob et al. 2000).is important to note that CCR5
utilizing gp120 do not fix as strongly these polyanions as do CXCR4 utilizing
gp120 or dual tropic ones (Moulard, Latrtacob et al. 2000). The bacterial
derived lipopolysaccharide (LPS) has bsbown to bind the V3 loop and inhibit
gp120 binding to coreceptors and inhibiteiction of U87 cells by pseudoviruses.
Such a compound could potentially be usedan anti-HIV-1 therapy (Majerle,
Pristovsek et al. 2011).

As mentioned above, the CCR5 coreceptoHIV-1 posses a certain number of
sulphated tyrosines (in pantlar at positions 10ral 14) (Farzan, Mirzabekov et

al. 1999; Cormier, Persuh et al. 2000) in its N-Terminal. (Sedtiard — HIV
coreceptors). Interestingly, several humtalV-1 neutralizing antibodies that are
directed against the CD4ite in gp120, contain sulphwbsines in their heavy
chain CDR3 regions (complementary determining region 3) of their antigen
binding sites (including mAb 412d, E5®hich are crucial for binding to gp120
and neutralizing infection (Choe, Li el. 2003; Huang, Venturi et al. 2004;
Huang, Lam et al. 2007). Recently, broadly neutralizing antibodies PG9 and PG16
have been described to also contailplsotyrosines (Walker, Phogat et al. 2009;
Pejchal, Walker et al. 2010).

Dorfman et al., described a tyrosine sulphated peptide derived from the heavy
chain CDR3 region of E51 and showedttit bound and nerdlised HIV-1 more
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efficiently than sulphotyrosine-contaiy peptides directly based on the CCR5
amino terminus sequence (Dorfman, Moore et al. 2006). This may be due to the
peptides’ increased flexibility and solubility. Due to the conserved gpl20
sulphate-binding domains, this peptidealde to bind and ndralise both R5X4

and X4 isolates.

Very recently, Kwonget al, showed that when a 15 amino acid peptide mimetic
of the CCR5 coreceptor was fused to a CD4 mimetic peptide and a dimeric
antibody Fc domain (DM1-Ig)t can bind gp120 and neutralise R5, X4 and R5X4
HIV-1 isolates (Kwong, Dorfman et al. 201Despite DM1-lg promising results,

it neutralises HIV-1 with much less efficiency than certaintradizing antibodies
and it does not neutralize many non-elaBl isolates; thus improvements are
necessary for this compound to be usedivo. Here, the binding assays between
gpl20 proteins and the irtiiors were performed with immunoprecipitation
experiments which do not yield accuratesults compared to more sensitive
techniques such as Surface Plasmon Remendn addition, the infection assays
were not performed against whole infectiairsis, but against co-transfections of
gpl120-encoding plasmids and NL4-3-encoding plasmids lackingndnefand
expressing GFP (Kwong, Bfman et al. 2011).

In conclusion, the concept of cooperatwelhibiting HIV-1 entry with a chimeric
inhibitor capable of binding both i) ¢hCD4 binding domain as well as ii) the
CDd4i region is novel, and most importantlydibesinhibit both R5 and X4 viral

entry into host cells. The challenge is to design and construct a molecule, with a
high affinity and capacity to block binding tieese two critical regions, that is not
degraded upon administration, has littleno side effects and is economically
viable.

2.5.2 Concept and action of CD4#S: a glycoconjugate that
inhibits HIV &attachment and entry

From the above data, the role playegd HS interacting with the CD4i during
HIV-1 infection is not known. Howeverthis conserved and cryptic domain
(CD4i) is involved in the recogndin of CCR5 and CXCR4, and observations
described above strongly suggest atsgwy to inhibit theinteraction between
gp120 and the coreceptor, based on the usa &fS oligosaccharide. In order for
the cryptic coreceptor binding domain CDdibe exposed and neutralised, gp120
first needs to bind CD4. Based on theset$, a unique strategy was formed to
target HIV-1 entry: once gpl20 has bound CD4, the conformational re-
arrangement occurs in the gp120 proteinciwrexposes/creates the cryptic CD4i
which is favourably positioned to bind the coreceptor (CCR5/CXCR4)
immediately after CD4 binding. Thus the cept of creating a falent inhibitory
molecule (CD4-HS) that will triggethe gp120 conformational change and block
viral entry. The CD4-HS molecule is able to initially bind @B4-binding site on
gp120 (with a CD4 moietythereby exposing the CD4i domain, after which the
second part of the inhibitp molecule (the HS aonic moiety) is perfectly
positioned to tightly bind the CD4i, thus blocking the gp120 from binding the host
coreceptors.
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Thus, with the idea of replacing full length CD4 with a small synthetic peptide
mimetic, a chimeric molecule was conceptualised and constructed: mCR4-HS
(Baleux, Loureiro-Morais et al. 2009). Thekimeric molecule is composed of a
27 amino acid long peptide, mimicking @MmMmCD4), covalently linked to a HS

and operates in the following walyigure 2.9.

Figure 2.9 CD4-HS, mode of action: the glycoconjugate binds gp120 through the CD4
moiety which then induces the formation of the coreceptor binding domain via the synthetic
CD4, followed by the high affinty interaction of the anionic HS,, domain with coreceptor
binding domain. The glycoconjugate blocks both CCR5 and CXCR4 viral entry.

2.5.2.1 The CD4moiety, mCD4

Instead of using the full length CD4aeptor, a mimetic approach was used
whereby CD4 was replaced by a peptidat was based on a short mini CD4,
called CD4M33 (Matrtin, Stricher et al. 2003). In 2003, Martin et al., published
the design of CD4M33, a 27 amino acid Cidmetic that contains the minimal
amount of residues to obmaithe optimal interaatin with gpl20 in order to
unmask conserved neutralization epi®@® gpl20 that are normally cryptic on
the unbound protein (Martin, Stricher et 2003). After the structure resolution of
CD4-gp120-17b antibody complex (Kwong, ¥ty et al. 1998), the ~800A CD4
binding pocket in gp120 was elucidateelvealing the Phe43 hydrophobic pocket.
This structural insight spurred the dgsiof CD4M33 which has potential to be
used in vaccine formulations in complektwenvelope proteins or for the use as a
molecular target in phage displaychnology to develop broad-spectrum
neutralizing antibodies.

2.5.2.2 The HSMoiety, HS2

A heparan sulphate dodecasaccharidbtgined by chemical synthesis) was
created as this length of oligosaccharide was optimal for CD4i binding based on
the SPR data as well as moleculdocking experiments. Each repeating
disaccharide contains three sulphates, namelyNtkelphate and the 6S sulphate

on the Glucosamine and the 2S sulplmatehe Iduronic acid. Thus, in total there
are 18 sulphate residues found in the Hsynthetic prototype (Baleux, Loureiro-
Morais et al. 2009).
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2.5.2.3 mCD4 885,

Since the CD4 induced coreceptor bindsig that is exposed upon CD4 binding
is in such close proximity to the hHomembrane, neutralising antibodies are
sterically inhibited from accessing thenserved and vulnerable region (Labrijn,
Poignard et al. 2003). Hence, the ingenious idea of linking the miniCD4 molecule
to the relatively small HS moiety. Owirig the covalent bond between the mCD4
and the H%, the glycoconjugate mCD4-Hghas a very high affinity for the viral
envelope. It simultaneously blocks the interaction of gp120 MN (CXCR4-tropic)
and YU2 (CCR5-tropic) with three of itgyands: HS, CD4 and CD4i antibodies
(17b, 48d and X51) (Baleux, Loureiro-Mos et al. 2009). The antibodies were
used as coreceptor mimics and thus \eéd the mode of action described above;
however the CD4-HS molecule, at this stage haéver been tested using actual
7 transmembrane GPCR coreceptors as gp120 ligands.

This molecule is a strong HIV-1 entry inhibitor candidate as it inhibits attachment
and entry of both CCR5 tropic and CX&Ropic HIV-1 strains with 1-5nM 16

for inhibition of viral repication (Baleux, Loureiro-Morais et al. 2009). Other
advantages of the glycoconjugas that it interacts wh the virus ad not the host
cells and due to its unique mode of action, it simultaneously inhibits two
important regions of gpl120 crucial fortgn the CD4 binding region and the
coreceptor binding domain. Drug resistance to this molecule is unlikely to occur
as the CD4 binding region is requiredramain conserved in order to continue
binding CD4 and the basic region within gp120 required for the HS interaction is
also conserved and crucial for the intéi@c with the corecepts. Any mutations

that might occur in these two regions are likely to be detrimental to the survival of
the virus, thus this inhibitor has enarus potential not to evoke resistance. The
concept of cooperatively inhibiting virantry through theisiwultaneous blockage

of two different critical domains reqeid for viral entry, opns a novel strategy

for viral entry inhibition in general.

However, the limitations of mCD4-Hgare its inherent complexity and extreme
difficulty in synthesis of the anionidodecasaccharide moiety. A novel strategy to
mimic the anionic moiety was thus necessitated in order to reduce the complexity
of the molecule for structure-functioanalysis and also to reduce the time
required for the molecules’ synthesis/producti®herefore, in order to screen for
various HS mimetics, a screening platform was required whereby HIV-1 envelope
binding to its native coreceptors coubg monitored and inhibited by various
inhibitors. Native coreceptors are adageous over soluble 17b, as 17b is only a
partial coreceptor mimic and in order tohibit binding to all the coreceptor
epitopes involved in ‘gp120-CD4-coreceptunding interaction’, the use of full
length native coreceptors is advantagedimss work involved the setting up of a
coreceptor binding assay whereby native coreceptors were immobilized on a
platform in a lipid-detergent buffer. In order to test whether these coreceptors
were functional, the system was validd by the use of binding a natural
chemokine ligand to the coreceptors. Tihisoduces the following chapter on the
CXCL12 chemokine.
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Chapter 3: CXCL12/ Stromal Derived Factor 1 (SDF1),
natural ligand of CXCR4

3.1 General

Chemokines are small (8-10 kDa) chemutitacytokines which comprise a large
family of about 50 members. They have been identified to bind to a total of ~20
receptors, meaning that there are maegeptors which bind more than one
chemokine Figure 3.). Chemokines and their receptare important in dendritic
cell maturation (Sozzani, Allavena at. 1998) and T and B cell development
(Forster, Emrich et al. 1994; Vicari, Figoe et al. 1997). Thus they are essential
to many developmental and physiological possesses. They tlieectrientated
migration of cells during development, inflammation, hematopoietic stem cell
mobilization, homeostatic immune resp@ss organogenesis and neuronal
communication. The major role of chemolgnis to act as a chemoattractant to
guide the migration of cells and they déine only members of écytokine family
that act on GPCRs.

Some chemokines participate in immuneavsilance and are referred to as
homeostatic chemokines; they are constitutively expressed andlylinptiocytes

to the lymph nodesso they can search forviading pathogens by interacting
with antigen-presenting cellesiding in these tissues. Other chemokines have
roles in development; they promosmgiogenesijsor guide cells to tissues that
provide specific signals critical focellular maturation. Another group is
the inflammatory chemokines released from adeivariety of cells in response

to bacterial infection, viral infection or agents (egsilica) that cause physical
damage (Alberts, Johnson et al. 2002). Tifdke cell’s normal ability to traffic

cells is damaged or hijacked by anwcteria/virus or agent, the chemokine
network can maintain andoordinate many disease states such as autoimmune
diseases (multiple sclerosis, rheumatoid arthritis, and atherosclerosis) as well as in
abnormal cell-growth conditions such as tumour metastasis and proinflammatory
immune responses due to inapproriacell recruitmen (Baggiolini 2001,
Proudfoot 2002; D'Ambrosio, Panina-Baydon et al. 2003; (8, Cheng et al.
2010). Many studies have shown the Ib#¢ween chemokines @arheir receptors

to disease and this is all summarized Rigure 3.1 Most of the disease
associations are derived from aningtldies, however, some human disease
samples have confirmed the animal dataus, chemokine signalling has been the
target of drug discovery efforts almostince the initial identification of
chemokines, 25 years ago, due to their tiegaignalling effectsn disease states.
These efforts have tried to identify small molecule therapeutics that target their
receptors.

From the Figure 3.1 it is clearly depicted that some chemokines have a
promiscuous nature where they bind mtivan one coreceptor and the inverse is
also true where certain receptors bind more than one ligand. For this reason, the
structure-function relationships betwe#re receptor and ligals are critically
important for fine-tuned, healthy signalgtdation. Thus it is eviddrthat such a
delicately balanced system can hawany negative repercussions.

59



Figure 3.1The association of chemokines (outer ring in grey) and their receptors (second ring
from the outside in pink) and the associated disease (first three rings from the inside towards
the outside in blue, green and yellow, for Imical data, human daa and animal data
respectively). A selection of disease associations obtained from animal models using gene
deletions, neutralizing antibodies and receptorantagonists, as well asxpression data in
human samples and positive results from clin@l trials. abbreviations: Sep, Sepsis; RA,
Rheumatoid arthritis; T, Transplant; IBD, Inflammatory Bowel Disease; Onc, Oncology;
SLE, Systemic Lupus; MS, Multiple Sclerosis;Ath Scl, Atherosclerosis; COPD: Chronic
Obstructive Pulmonary Disease; AMD, Acute macular degeneration; NP, Neuropathic pain;
Asth, Asthma; At. Derm, Atopic dermatitis; Hep, Hepatitis; Panc, Pancreatitis; Pso,
Psoriasis; GVHD, Graft vs Host disease. (Garin and Proudfoot 2011)

3.2 Chemokines #&omenclature and classification

The nomenclature of chemokines dependsthe presence and structure of a
conserved first two cysteine residu@s the amino-terminal region of the
molecule, thus forming four famds (CC, CXC, CX3C and C) (Murphy,
Baggiolini et al. 2000). The position of the cysteines is denoted by whether they
are adjacent, CC (as in RANTES androcyte chemoattractant protein 1 (MCP-

1) and macrophage inflammatory protein 1 (MIPahd )), or are separated by
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residues, CXC (as in Interleukin-8 (IL-8)), &@X (neuroactin/fraktalkine) or just
singular, C (lymphotactin) (Baggiolini, Dewald et al. 1997; Rollins 1997). This
motif is followed by an L(ligand) and finally an idntifying number. Similarly,

the receptors (R) for these molecules are named by the chemokine class that they
recognise and are numberediaer of their discovery.

3.3 Chemotaxis

3.3.1 The Chemokine side

In terms of their structure, chemokines gaflg share a similar tertiary structure,
despite the fact that their sequence homology is highly variable (ranging from less
than 20% to over 90%). Owing to NMRich X-Ray crystallographic techniques,
structures have revealed that the cbkimes tertiary structure consists of a
disordered N-terminus (which functioms the key signalling domain), followed

by a N-loop which ends in aghelix, followed by a three-strandeesheet and a
small C-terminal helix (Clore, Appellat al. 1990; Lodi, Gaett et al. 1994;
Skelton, Aspiras et al. 1995; Handel and Domaille 1996; Crump, Rajarathnam et
al. 1998; Liwang, Wang et al. 1999; Mizougazanet al. 1999; Blaszczyk, Coillie

et al. 2000; SwaminathaHplloway et al. 2003).

After translation, chemokines are secrefientn the cell in response to different
stimuli where they interact with ¢lir receptors, except for chemokines {LK1

and CXCL16 which are tethered to the extracellular surface. The secreted
chemokines action is executed by bindimegand activating specific GPCRs to
induce cell migration along gradient of increasing concentration of chemokine
towards the origin or source of secretion (chemotaxis) (Rot 1993; Veldkamp,
Seibert et al. 2008)F{gure 3.2. Secreted chemokines are protected from
proteolysis (Sadir, Imberty et al. 200d0d prevented from diffusing away from
their sites of production and dispersing untle influence oflow and retained

and presented to their coreceptors bycgsaminoglycans (Ali, Palmer et al.
2000). The binding between glycosaminaglgsand chemokines (in particular
CXCL12 ) will be described in more detail later.

3.3.2 The Cell side

Once the chemokine has bound to its ptae the chemokines activate cascades
of complex signal transduoth pathways; involving the heterotrimeric G-proteins,
adenyl cyclase, phospholipases (Plprotein tyrosine and serine/threonine
kinases, lipid kinasesthe Rho family of smallGTPases and triggering of
intracellular second messengers (CANYRophoinositides and calcium) (Reif and
Cantrell 1998; Ward, Bacon et al. 1998).

Heterotrimeric G proteins.( and subunits) are bound by many GPCRs via
their C-terminal and the ayplasmic loops. The G-protein'ssubunit is bound to

a GDP in its resting state, and when the GPCR is activated, the GDP is replaced
by a GTP and the-GTP complex then dissociates from the boundubunits to
further affect intracellular ghalling proteins or targdtinctional proteins directly
depending on the. subunit type. To increase the complexity of this system,
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GPCRs can associate into dimers atigomers which enhances sensitivity and
the specificity of each response (more on this later). One of the signalling
pathways is the mitogen-activated miatkinase pathway (MAPK pathway) the
activation of which results in the stimulation of transcription factors and the
regulation of the expression of cell cygmteins. One of the three MAPK classes

is the extracellular signaegulated kinases (ERKihe phosphorylation of which

we detect in the laboratory as a sigh GPCR activation and successful cell
signalling.

All these complex signalling cascades smueukocytes to migrate from the
bloodstream across the wall of microvesselthe underlying tissue which is the
essential step in inflammation and resmoms infection. Inorder for a cell to
initiate migration, it must undergo a pokation in its morphology which will
enable it to convert cytosletal forces into a netell-body displacement. These
morphological changes involve the rearrangat of the cytoskeleton, changes in
filamentous F-actin and the formation iotegrin-mediated focal adhesions. The
cell binds and detaches from the substrate in a co-ordinated manner with
extension and retraction of pseudopoelsecuting the directional migration
(Bokoch 1995; Ward, Bacon et al. 1998).

Figure 3.2 A classical cartoon depicting the basic steps in cell maion in response to
chemokine production. Chemokines are preséad on the endothelial surface GAGs to
chemokine receptors on leucocytes in the dbd; chemokines may oligomerise on the GAGs.
Whether the chemokines bind simultaneously t@&sAGs and chemokine receptors is not yet
fully understood. Leukocyte recruitment is a mduti-step process involving cytokines and
chemokines driving selectin-mediated adhesionsubsequent arrest, firm adhsion, rolling
and transmigration. This image was adapted from (Salanga and Handel 2011).

This chapter focuses on the chemokiadied stromal derived factor. {SDF-1.),
also known as CXCL12which is constitutively expressed in the bone marrow,
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lungs and liver. This chemokine shares #ame two ligands as CXCR4 utilizing
gp120, which are CXCR4 and heparan bkatpe. Studying the interactions
between CXCL12, CXCR4 and HS can paw®iinsight and bring about a better
understanding of these dwligands which are very important for HIV-1
attachment too.

3.4 The CXCL12chemokine

3.4.1 Geneexpression of CXCL12

CXCL12 . was originally identified inbone marrow stromal cells and was
characterised as a pre-B-cell stimulataagtér (Nagasawa, Hita et al. 1996). It
Is constitutively expressed and secratethe bone marrowung, liver and lymph
nodes (Zlotnik 2006) and highly carsed among mammalian species.
CXCL12 . orchestrates a large array of eg&e functions, both during embryonic
development and postnatal life. This is confirmed by mutant nsdér’{ or
Cxcr4") which die in utero due to grave developmental defects (Nagas
Hirota et al. 1996; Tachibana, Hirathal. 1998; Zou, Kottmann et al. 1998).

CXCL12 is regulated at the splicing levaahd not at the transcriptional level; a
single mRNA strand is alternatively sgaid to produce six different isoforms, ( .

, , 1, 0, and3 of this chemokine which havseen found in humans (Yu, Cecil
et al. 2006). All isoforms share the first three exons found in .theoform
(residues 1-68), however the other isoforvasy in their fouth exon at the C-
terminal— thus giving rise to specialized C-terminal domakigufe 3.3 The
alternate splicing s been thought of as a natural mechanism to generate
functional diversity, without structural edifications and complications (Romero,
Zaidi et al. 200% For the purpose dhis study, | will only focus on CXCL12
and CXCL12.

3.4.2 Structure of CXCL12 =

The three-dimensional structure of CXCL1&as determined by NMR (Crump,
Gong et al. 1997) and by X-ray crystajlaphy (Dealwis, Feandez et al. 1998).
CXCL12 . is a monomer with a disordered N-Terminal region (Lys 1 — Tyr 8),
followed by a long flexible loop, ayghelix, a triple stranded antiparalleesheet

( @» @ @), covered by a C-terminal helix .. The N-terminus is anchored
to the rest of the molecule by diphide bridges (AllenCrown et al. 2007)
(Figure 3.3. Figure 3.3and Table 4 summarise the basic sequence information of
the different chemokine isoforms and mutant used in this study. The CXCL12
isoform has an elongated 30 amino acide@ninal with multiple HS binding
domains (BBXB) witch are unique to ishisoform. Howeve the structure-
function relationships of this C-terminal are not fully defined #@nid for this
purpose that the biochemical studiesre persued for this isoform.
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Figure 3.3 Alternate splicing of the two mainisoforms relevant for this work, CXCL12 . and
CXCL12 . The basic amino acids (K and R) that @ highlighted in red in the sequences are
amino acids that have been shown to be pilicated in GAG-binding. ** KP signalling
residues, ****** RFFESH in itial contact/docking site with receptor and GAG-binding
domains (BBXB) are indicated in the CXCL12 sequence by the black brackets and the
structures of each isoform are shown. Chernal shift variations upon GAG addition (dp4)
are represented on CXCL12 and CXCL12 in colour; Red residues bind the most to GAGs
and orange residues bind less and yellow residsidind the least (Laguri, Sadir et al. 2007;
Laguri, Arenzana-Seisdedos et al. 2008).

Table 4. List of physical attributes of the different CXCL12 isoforms usel in this study.

CXCL12. CXCL12
# of amino acids 68 98
Molecular Weight 78352 115657
Theoretical PI 9.81 10.61

3.4.3 Physiological roles of CXCL12and pathogenic effects

In embryonic life, CXCL12 plays non-redundant roles in the development of the
cardiovascular system, eh central nervous system, haematopoiesis and
colonisation of the gonads with primordial germ cells (Ma, Jones et al. 1998;
Nagasawa, Tachibana et al. 1998; Zou, Katimet al. 1998; Kin, Rubin et al.
2001; Ara, Nakamura et al. 2003). In post-natal life, CXCLi involved in
trans-endothelial migration of leukocytes, homing and egress of stem cells from
the bone marrow and their migration into peripheral tissues (Aiuti, Webb et al.
1997; Campbell, Hedrick et al. 1998). The CXCL12CXCR4 axis also been
shown to play critical roles in pathoply®gical processes such as chronic
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inflammatory disorders, angiogenesis, wound healing and tumour cell
proliferation (Nanki, Hayashida et al. 2000; Burger and Kipps 2006).

CXCR4 is found in cells from over 20 typef cancer which ntastasize towards
tissues that secrete CXCL1Zhone marrow, lung, liver, lymph nodes) (Zlotnik
2006). The current paradigm suggests theteased CXCR4 expression leads to
the ability of carcinoma cells to metast&sto organs such as the bone marrow
and liver that express high amounts of CXCL1Balkwill 2004).

However, hypermethylation of CXCL12promoter cytosines causes the absence
of CXCL12. expression which has been detected in 40-62% of tumours. This
varying percentage indicates an alteenaiechanism for modifying the expression
of CXCL12.. A study by Wendt et al., showed that an elevated migratory
signalling response to ectopic CXCLJ1Zontributes to the metastatic potential of
CXCR4-expressing mammary carcinoma cslibsequent to epigenetic silencing
of the autocrineCxcl12 promoter (by methylation). Congruently, the re-
establishment of CXCL12 production in CXCRA4-expressing mammary
carcinoma cells, increased proliferatiardgrimary tumour growth and decreased
chemotaxis and metastasis (Wendt, deisen et al. 2006; Widt, Cooper et al.
2008). This suggests that the primary tumour cells that silence CXCiré2at a
selective advantage for mestasis through ectopic CXCL12 and when
endogenous CXCL12is produced, proliferation is favoured and not metastasis as
the cancer cell producing CXCL212will disrupt the haptotactic gradient. This is
why metastatic tumours are commoricated in organs of high CXQR.
concentration (e.g. lungs, boneslrenal glands) and nwot the organs where low
CXCL12 .levels are detected (heart, kidnggRhillips, Burdck et al. 2003).

Stem cell mobilization and hematopoietic stem cell homing to bone marrow
following transplantation, are two crucialgmesses which are also both mediated
by CXCL12.. In order for stem cells to mobilize, CXCL1Binding to CXCR4 in

the bone marrow is disrupted, causing a reversion in the bone marrow-blood
CXCL12 . gradient (i.e. higheconcentration of CXCL12 in the blood), thus
resulting in the release @XCR4 expressing cellstm the blood. The cytokine
called granulocyte-colony stimulating fact(G-CSF) augments the activity of
certain proteases in the bonerma which degrade both CXCL12and, to a
lesser extent, CXCR4. Thiswehat decreases the CXCL1Binding to CXCR4 in

the bone marrow, which allows forest cell mobilization with reduced
chemotactic ability due to the partialstieiction of CXCR4 (Widt, Niggemann et

al. 2007). This is why the CXCR4 bicyclam antagonist AMD3100, in combination
with G-CSF is used in stem-cell tranggkion in patients with multiple myeloma
and non-Hodgkin lymphoma who had re@svprior chemothapy (Flomenberg,
Devine et al. 2005). AMD3100 speciflgaand reversibly blocks CXCL12from
binding to CXCR4 and wently Daret al.,have speculated that CXCL12elease
from bone marrow cells into therculation is caused by AMD3100 (Dar,
Schajnovitz et al. 2011).

Most studies have focused on CXCL12nd its role played in normal immune
functioning and disease states, howevery little is known about the CXCL12
isoform. CXCL12 .is detected in all organs, mostly those which are associated to
the immune system (bone marroWwymus, tonsils ety,. however CXCL12 has

65



shown distinct MRNA expression profilegiring organogenesim several cell
types during development (Franco, Rueda et al. 2009).

Few studies have demonstrated comparisons between CXCirkP CXCL12
signalling effects invivo. Intraperitoneal administration of CXCL12and
CXCL12 produces virtually the same loaaflammatory response after 3 hours,
but after 16 hours, an inflamatory reaction was still present in animals injected
with CXCL12 and not with CXCL12 (Yu, Cecil et al. 2006; Rueda, Balabanian
et al. 2008). This demonstratésat the signiéing of CXCL12 . is much more
short lived compared to thegdonged signalling effects of CXCL12Structural
differences between the two chemokinesld@xplain the differences in observed
functions and their relative gity to bind GAGs. This willbe elaborated on later.

Shortly after CXCR4 was discovered lasing a coreceptor for HIV-1, CXCL12 .
was subsequently reported as being dmly natural ligand of CXCR4 which is
able to prevent entry of CXCR4 utilimy HIV-1 through coreceptor occupancy,
downregulation and internalisation (Ble Farzan et al 1996; D'Souza and
Harden 1996; Feng, Broder et al. 1996.e@in, Amara et al. 199 Amara, Gall
et al. 1997). Inteestingly, CXCL12 was shown to be the strongest HIV-1
inhibiting CXCL12 isoform (Altenbwg, Broxmeyer et al. 2007).

As mentioned above, aberrant expres©brchemokines plays essential roles in
chronic inflammatory processes. Thus, small molecule antagonists of CXCR4 will
not only inhibit CXCR4 utilizing HIV-1, butlso chronic inflammatory disorders
too. The functional role for having so many different CXClst2ce variants is

not fuly understood and deciphering thisll elucidate tindamental information

on theregulation of normal andisrupted immune functiong.

3.4.4 GAGSCXCR4CXCR7and CXCL12=

GAGs, CXCR4 and CXCR7 are abinding partners for CXCL12 Once
CXCL12. has been secreted into the extiat@ space, it binds to the cell-
surface glycosaminoglycans which play key role in ensuring the correct
positioning of the chemokine withirtissues and maintaining haptotactic
concentration gradients along which CXCR4 expressing cells can migrate
directionally (chemotaxis). The glycosamoglycans not only provide a scaffold

for haptotactic gradient formation bghemokines, but also modify their
conformation, stability, reactity and protect the chemokines from proteolysis as
well as present them to their retas. Unlike other chemokines, CXCL12s

less promiscuous and has been know to bind only to CXCR4 and CXCR7. Thus,
HIV-1's glycoprotein, gp120, and CXCL1Zhare a common binding partner and

it is for this reason that we aiaterested in the CXCL12CXCR4 binding
interaction — as it may help us gansight into how gp120@inds CXCR4 and how

this interaction may be blocked.

Recently, CXCR7 (formerly known as RDYhas also been identified as a
CXCL12 . second receptor (Balabanian, Lagaeal. 2005; Burns, Summers et
al. 2006; Altenburg, Broxmeyer et al. 2000XCR7 has phylogenetic similarity
to GPCRs but does not coapB-proteins and does not induce typical chemokine
receptor mediated cellular responses, h@aweit was found to be implicated in
cardiovascular system development @XCR7 deficient mice. In humans,
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CXCRY7 is expressed in embryonic neuronall heart tissugn hematopoietic
cells and activated endothelium (SierRiben et al. 2007). Elevated levels of
CXCR7 expression correlateithv aggressiveness of prostate cancer and promote
growth and metastasis of mouse tumowdels (Miao, Luker et al. 2007; Wang,
Shiozawa et al. 2008). Interestinglgome studies suggest that CXCL12
signalling can be modulated throughe ttheterodimerisation of CXCR4 and
CXCR7; this will be discussed latgSierro, Biben et al. 2007; Levoye,
Balabanian et al. 2009). Also, it is important to note that the affinity of CXCL12
for CXCR7 (Ko ~ 0.3nM) is much higher than for CXCR44Kk 4nM) (Crump,
Gong et al. 1997; Balabanian, Laganeakt2005; Burns, Summers et al. 2006)
and it has been postulated that posterior CXCR7 removal of CXC&l&rpens
chemotactic gradients promoting CXCR4-niaeld migration of primordial germ
cells (Boldajipour, Doitsidou et al. 2011).

Very recently, CXCR7 has been poged as a scavenger for CXCLIaediating
ligand internalisation and subsequentgé&ting of the ligand for degradation
(Naumann, Cameroni et al. 2010). This rolay be important for the fine tuning
of the mobility of hematopoietic cells in the bone marrow and lymphoid organs.
The presence of 10uM AMD3100 had no effect on CXCR7-mediated CXCL12
scavenging and the deletion of the C-tewns of CXCR7, completely abolished
CXCL12 . degradation. This means that CXCL1Binds CXCR?7 in a different
way compared to how it binds CXCRAdthat the C-terminal of CXCRY7 is
required for trafficking of the receptor @&imann, Cameroni et al. 2010). To date,
there have not been any investigation® the role of the different CXCL12
splice variants on CXCR?7 function, hovegy Reuda and colleagues have shown
that when analysing the ability of a witgpe chemokine to compete with a C-ter
biotinylated CXCL12 chemokire for bindingto CXCR7, both CXCL12 and
CXCL12 bind similarly to CXCR7 (I6 = 6.56 nM and 10.37 nM respectively)
(Rueda, Balabanian et al. 2008).

Since the role of CXCR7 in CXCL12 signalling is relatively recent and
controversial, | shall only go into more detail on the interactions that have been
well-described and accepted for many yearhus, described below are the GAG-
CXCL12. interactions and CXCR4-CXCL12interactions respectively in more
detail.

3.4.5 Characterisation of the GAG&XCL12complex

At the site of secretion, chemokines (akby highly basic pratins) are released
into the extracellulaspace and they bind to gly@minoglycans (high density of
negative change) so as be retained at the inflamed site creating high local
concentrations of chemokine. They forooncentration gradients to provide
directional signals for migrating cells gL, Allen et al. 2004; Handel, Johnson et
al. 2005; Johnson, Proudfoot et al. 2005 ueifoot 2006). This ionic interaction
between GAGs and chemokines has been demonsinat#do (Witt and Lander
1994; Hoogewerf, Kuschert et al. 19%4jschert, Coulin et al. 1999) amnd vivo
(Rot 1993). Cells expressing GRs that are specific far certain chemokine will
migrate towards the origin of thatemokine secretion. GAGs display a medium
to high affinity for chemokines, and it hbsen hypothesized thiit were not for
such immobilization, chemokine gradis would be dismpted by diffusion,
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especially in the presence of flowhiood vessels and draining lymph nodes, and
thus become diluted to such low concentrations that directional signals for
migration cease (Johnson, Proudfooale2005). GAG-binding deficient mutants
have been observed to be non-functiomalvivo (while activein vitro) thus
showing the importance of GAG-bimgj in chemokine function (Rueda,
Balabanian et al. 2008; O'Boyle, M@ et al. 2009). Chemokines which are
bound to cell-surface GAGs, are then presented to their receptors, GPCRs, and
induce conformational changes thatggeer intracellular signalling pathways
implicated in cell movement and activat, explained in more detail below.

Paradoxically, chemokines are simple andalémroteins yet they orchestrate a
myriad of biological functions. Thus, élr interactions with GAGs explain the
ability of such simple proteins to haaecess to such a wide range of functions.
Current models suggested that GAGs enhance chemokine immobilization, local
concentration, compartmentalisation,golmerisation (Johnson, Proudfoot et al.
2005; Veldkamp, Peterson et al. 2005), fation of haptotactic gradients of the
protein along cell surfaces wiithin the ECM, directional cues for migrating cells
(Campanella, Grimm et al. 2006), opect chemokines from enzymatic
degradation (Sadir, Imberst al. 2004), and promotedal high concentrations at
the cell suface, facilitating receptorbinding and downstream signalling.
However, structurally how the chekines react withGAGs is not fully
understood.

As mentioned above, determining theding site between a GAG fragment and
its protein binding partner is complex.téchnique to determine the GAG binding
sites is to mutate basic residues within linear sequences which contain the typical
‘GAG-binding motif’, BBXB. However, dspite chemokines acting as monomers
under biological conditions, they tend dimerise/oligomerise when interacting
with GAGs which suggests that there ymae larger or more binding epitopes
involved in the context afigher order complexes when compared to a monomer
(McCornack, Boren et al. 2004; Jin, éhet al. 2007). Oligomerisation may
increase the affinity for GAG binding as a larger binding surface is created which
could be important in ceBurface presentation dugrblood flow (Salanga and
Handel 2011). Another powerful way of geatng diversity and specificity in
chemokine-GAG interactions ithrough the oligomerisation of chemokines and
the fact that different oligomeric states may bind to differetG5sequences
(Handel, Johnson et al. 2005).

3.4.5.1 Activities of the GA@XCL12 complex

While immobilized heparan sulphate @ssential for the biological activity of
chemokines, demonstrated by ittae GAG-binding deficient mutants vivo
(Proudfoot, Handel et al. 2003), solublepaen has been shown to inhibit the
biological effects of chemokines as demonstratedtro (Kuschert, Coulin et al.
1999) and in vivq@Johnson, Kosco-Vilbois et al. 2004). In 2007, Murphy et al.,
also showed that soluble heparin and heparan sulphate negatively affected
chemotaxisin vitro mediated by CXCL12 and using NMR and X-ray
crystallographic techniques,eth show that there are @wheparin binding sites on

the CXCL12. dimer interacting with a heparin disaccharide; one lies at the
strands of the dimer interface (formihgdrogen bond contacts with the following
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residues: His25, Lys27 and Arg41) and thieeotlies at the amo-terminal loop
and the -helix (making contacts witAla20, Arg21, Asn30 and Lys64) (Murphy,
Cho et al. 2007). Taken together withetlfiact that treatemt of cells with
heparitinases (enzymes that degr&ikGs) induces a significant reduction of
CXCL12 . binding to cells (Mbemba, Benjodiat al. 1999; Mbemba, Gluckman
et al. 2000), a mechanism can begwsed in which GAGs bind to CXCL12
dimers so as to sequester the chemedkiand present them to their CXCR4
receptors, and that this mechanismdisrupted/regulated in the presence of
solubke GAGs. Thus, interfering with emokine-GAG interetions can be an
effective strategy to target inflanation.

3.4.5.2 The GAGcomponent of the complex

Heparan sulphate interacts with a largewa of proteins (agliscussed in Chapter
2) and it has been thought that protescognition by HS resides within specific
epitopes, are characterised by predissnd Osulphation distributions. In order to
correlate the structure of HS with theinding activities, oa would require high
resolution information on GAG:Chemokinateractions with oligosaccharide
chains that are longer than a disacitieg which would be more biologically
relevant. For this, homogeneous composgi of GAG chains would be required
for structural analysis and due to thability to synthesize GAG from a template,
challenges insynthesizing GAGs and the extreme complexity and diversity of
these molecules, there is a lack adtailed molecular information on these
interactions.

Chemokines display 4 classes of nonttagping HS binding sites and thus
represent a specific binding signature éach group of chemokine (Lortat-Jacob,
Grosdidier et al. 2002). Ofhe four classes, clies 2, which has only been
observed in CXCL12 .forms a crevasse at the interface between ibiands,
where three basic amino acids in bogfyand () strands characterize the binding
site. In 1999 and 2001, Amaet al., and Sadiet al., identified through site-
directed mutagenesis and surface plasmon resonance experiments, that Lys24 and
Lys27 on CXCL12 are essential for the inteteon with heparin (Amara,
Lorthioir et al. 1999; Sadir, Baleux etl. 2001). Arg4l and Lys43 are also
involved in the interaction, however are restsential. They also showed that a
minimum size of 12-14 monosaccharides aequired for the efficient binding
interaction and a doakg study confirmd the involvement of Lys24, Lys27,
Arg41l and including Lys1 in the binding for the polysaccharide (Sadir, Baleux et
al. 2001) Figure 3.3.

More recently, Laguriet al., used "N-CXCL12. to titrate a solution ofC
labelled octasaccharide, which is homogeneodslyand 60O-sulphated on its
glucosamine residues and unmodified its glucuronicresidues and called
dpsnses. The binding interaction was followed by multidimensional NMR
spectroscopy and a structural model of the CXCEHS complex was made
(Laguri, Sapay et al. 2010). With thigol, a more accurate and detailed map of
the GAG binding residues on chemokines bandentified. Significant chemical
shifts were detected in the same HS higdiite that was observed in the previous
model from Sadiet al.,in addition to another 26ther residues on CXCL1Zhat
occur outside the HS binding site. Thibservation was attributed to a heparin-
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induced dimerisation event as has bebserved previously (Veldkamp, Peterson
et al. 2005). An advantage of performing this titration with*@ labelled
octasaccharide was that thegars which participate in the interaction were able to
be defined. All the N-sulphated and6-O-sulphated glucosamine residues
collectively contributed to the interactioRigure 3.4.

Understanding how HS binds to proteins and regulates theitidnads thus of
great interest, however, it has belkmdered by the extreme complexity and
chemical heterogeneity of these polysacaes. Using chemokines is a useful
tool to study the interactions of thesemplex polysaccharides with proteins. An
isoform of CXCL12 that is particularly interesting is CXCL1@ue to its unusual
structure and high affinity for GAGs.

Figure 3.4 Model for the interaction between dimeric CXCL12 and an oligosaccharide (A)
The CXCL12. is represented as a ribbon and théneparin oligosaccharide as well as the
basic amino acids involved in the interactiorare represented as sticks. Take from (Sadir,
Baleux @ al. 2001). (B) Superimpsition of 10 structures of the'*C labelled octasaccharide
onto oneCXCL12 . ribbon structure. Taken from (Laguri, Sapay et al. D10).

3.4.6 Liaison with CXCR4(Proposed Model)

The receptor binding domain is located the N-terminus for almost all
chemokines (Clark-Lewis, Schumacher etl®91; Clark-LewisKim et al. 1995).
The first proposed model for binding areteptor activation is a “two site” model
for signalling through the coreceptor (Crump, Gongletl997). The chemokine
core (RFFESH) is proposed to bind firstthe CXCRA4; this serves as the initial
docking step, “site one”. Then tiTerminal residues of the CXCL12ind to
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the more hidden CXCR4 acidic pocket @amgst the extracellular loops 2 or 3
within the coreceptor (signal trigger, “site two'frigure 3.5. More precisely,
extensive mutational, structural and ftional studies have revealed that the
receptor activation requires Lysine 1 and Proline 2 within the N-terminal region
and N-loop residues (betweehe second cysteine and theg Belix) (Crump,
Gong et al. 1997). The first two residues (Lysl and Pro2) activate the receptor
through binding to the transmembrane tediand this has been demonstrated by
showing that deletion or edlification of the N-termini results in chemokines that
do not induce signalling (Gong and Cldrewis 1995; Hemmerich, Paavola et al.
1999; Jarnagin, Grunberger et al. 1999). Also, Ske#ibral., determined the
structure of CXCL8 in complex with CXCR1 peptide and showed how the N-
terminus of the receptor binds CXCL8 snch as way that the chemokines’ N-
terminus is oriented towards the receptor helices for receptor activation (Skelton,
Quan et al. 1999).

This then induces a conformationahange within the CXCR4, allowing
intracellular G-protein biding and dowstream signalling (Clark-Lewis,
Schumacher et al. 1991; Farrens, Altenbach et al. 108énp, Gong et al. 1997;
Prado, Suetomi et al. 2007).

Figure 3.5 The “two site” binding model for the CXCL12.-CXCR4 interaction. Firstly, the

N-loop of CXCL12. interacts with the CXCR4 N-terminus, this is followed by the N-
terminus of CXCL12 . binding the CXCR4 transmembrane region to trigger coreceptor
activation (Crump, Gong et al. 1997).

Kofuku et al.,reported an interaction betweénl-length CXCR4 and CXCL12

and between CXCR4 and CXCL1i the presence of the AMD3100 antagonist
using NMR where they prode structural evidenceugporting the theory that
there are two independent interans that occur between CXCL12nd CXCR4
(Kofuku, Yoshiura et al. 2009) — thisigports the “two-site” binding model, and
reveals many residues involved in additionthose proposed in the first model.
This was the first time that an interaction was shown between the full-length
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CXCR4 and CXCL12. Using triple resonance experimerit&- and*N-labelled
MetCXCL12. was combined with CXCR4 expressed and purified from insect
cells in the presence or absence of AMD3100. They showed that an extended
surface on CXCL12 (consisting of the -sheet, 50s loop and N-loop) first binds

to the CXCR4 extracellular region which places the chemokine in a position to
search the deeply buried binding pocket in the CXCR4 transmembrane region,
where the CXCL12 N-terminus will bind - theycall this the ‘fly-casting’
mechanism. They showed that AMD3100 could displace the CXCLN2
terminus fromthe CXCR4 receptor without displacing the chemokine core
domain (Kofuku, Yoshiura et al. 2009).

3.4.6.1 Characterisation of the CXCR4N &erminus &XCL12
complex

Previous studies have confirmed the invahemt of the N-terminal of the receptor
in chemokine binding. Many chemokine receptors h&eor N-inked-
glycosylations and/or are sulphatéd their N-termini (CCR2, CCR5, CCRS,
CXCR4, CX3CR1 ...) and this post-tiglational modification increases the
affinity of receptors for their generallyasic ligands (Farzan, Mirzabekov et al.
1999; Farzan, Vasilieva et al. 2000; Bann€riaig et al. 2001; Farzan, Babcock et
al. 2002; Fong, Alam et al. 2002; Wang, Babcock et al. 2004). Tyrosine
sulphation on chemokine corecept@€R2, CCR5 and CXCR4 increases their
binding affinity with both chemokinesand HIV-1 through their negatively
charged sulphate grps (Fazan, Mirzabekov et al. 199@ormier, Persuh et al.
2000; Preobrazhensky, Dragan et al. 20B@nnert, Craig et al. 2001; Farzan,
Babcock et al. 2002).

In 2006, Veldkamp et al., showed that a single sulphotyrosine-containing N-
Terminal CXCR4 peptide has an increased affinity for CXCL{Zeldkamp,
Seibert et al. 2006). They showed using fluorescence polarisation experiments that
the monomer-dimer equilibrium of CXCL12s shifted towards a dimer in the
presence of the sulphated peptideshswn for chemokines in the presence of
heparan sulphate (Veldkamp,t@son et al. 2005). Veldkanat al., showed that

the CXCR4 N-terminus bridges the CXCL1&imer interface between the N-loop
and the 3 strand and makes both polar anélceostatic contacts which are not
observed with the monomer CXCL1ZCrump, Gong et al. 1997; Veldkamp,
Seibert et al. 2008). The CXCL1%ide chains Vall8, Arg47 and Val49 make
Nuclear Overhauser Effect (NOE) colatons with the sTyr21 ring of CXCR4
showing that the sulphotyrosine asly 5 A away from these residueSigure

3.6).

It has been suggested that the post-tedizsial modification of the N-terminus of
CXCR4 (tyrosine sulphation) contrites to the high affinity binding and
recognition of CXCL12 (Farzan, Mirzabekov et.al999). In 2008, Veldkamet
al., showed that CXCL12dimerises in the presencé the first 38 amino acid
residues of the N-terminal of CXCR4, caiming 3 sulphotyrosines (positions 7,
12, 21) (Veldkamp, Seibert et al. 200B)gure 3.6 A).

Seibertet al., 2008 found that CXCL12 has an augmented binding affinity for
CXCR4 (N-terminal residuesl1-38) witthe increasing number of sulphated
tyrosines, and this suggests that thisrea potential physiological role for the
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sulphation of the three tyrosine residwsthe N terminus of CXCR4 (Seibert,
Veldkamp et al. 2008). The structuresolution of CXCR4 has provided new
insights and brought forward new questiaegarding the interactions between
CXCR4 and CXCL12 (Wu, Chien et al. 2010).

The structures of CXCR4 were determined as complexes with an antagonist small
molecule (IT1t) and a cyclic peptid€€VX15) (Wu, Chien et al. 2010). The
receptor crystallized as a homodimerai five structures which suggests that
there could be multiple binding configurations for CXCL1&hd CXCR4. In the
article, they propose three differeninding models for CXCR4 and CXCL12
either 1:1, 1:2 or 2:2 ligand:receptorngplexes are feasible. Either monomeric
CXCL12 . binds monomeric CXCR4, or meric CXCR4 binds monomeric
CXCL12 . or dimeric CXCR4 binds dimeric CXCL12 In the case of the 1:2
configuration, CXCL12 could bind one receptor with its core domain amd
trans bind into the trans membrane pocketl activate the neighbouring receptor.
The neighbouring coreceptor coulde CXCR4 (homodimer) or CXCR7
(heterodimer), however, this is speculative.

Importantly, the non-structured N-temmis of CXCR4 was not present in the
crystal structuresral thus there are still specutais as to how the ligand binds
CXCR4 in the presence of the N tenms. Molecular modelling studies and NMR
studies by Veldkamgt al., have predicted the orieaiton and stoichiometry of
the chemokine binding to the N-terminal of CXCR4. Veldkahpl., proposes a
CXCL12. dimer binding two N-terminalCXCR4 peptides, while Wt al.,
proposes three models, two of which constitute a CXCL&®nomer which
binds either a monomer of CXCR4 or a homodimer of CXCR4 (Veldkamp,
Seibert et al. 2008; Wu, Chien et al. 2010u3 these two models are not in full
agreement. However the amt understanding of this binding mechanism between
the N-terminus of CXCR4 and the chemokine (in context of the entire coreceptor)
is still not fully understood. The hyper-fléteé and unstructured nature of the N-
terminal of CXCR4, has rendered strualustudies involvig this region hugely
challenging, neverthelesd] these models may be mect... the current CXCR4
structues are compatible with emergiegncepts of signalling diversity induced
by altenative binding modes of the ligandsdure 3.§.

3.4.6.2 Signalling Activities of the CXCR&XCL12complex

Recently, Drury et al., showed that CXCL12nonomers and dimers exert
opposing effects on migration; migrationdell culture systems was detected with
low concentrations of wild type CXCL12however, when low concentrations of
constitutively dimeric CXCL12 was used or high concentrations of wild type
CXCL12 ., no migration was detected. Impartly, both the monomer and the
dimer CXCL12. do activate their CXCR4 receptordadesser or gréar extent (as
shown by cell radioligand binding assayiatracellular calcium mobilization
detection, CXCR4 internalisation etajcathey each activate discrete signalling
profiles. In addition, the pferentially monomeric CXCL12stimulated F-actin
polymerisation mediated though —arrestin and evoked a prolonged
phosphorylation of ERK1/2. However, the constitutive dimer (disulphide bonds
covalently locking two symmetric CXCL12 .monomers [L36C/A65C])
(Veldkamp, Seibert et al. 2008) stimulhta transient increasin ERK1/2 with
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minimal recruitment of —arrestin and actin mobilisation. Could these differential
migrational and signalling profilesf the monomer and dimer CXCL12esult
from two different binding interactions between themlokine and the receptor?

Drury et al, proposes that when the N-temal of CXCR4 is bound to a
CXCL12 . monomer, the first 10 residues are bound to the chemokine, however,
when the N-terminal of CXCR4 is bound to the dimer, the first 10 residues of
CXCL12 . are more flexible, leading to the hypesis that different oligomers of
CXCL12. lead to different signalling pattays (Drury, Ziarek et al. 2011).
However, this model is highly speculative due to the forced creation of the
monomer anddimer CXCL12. forms and thus theiplausibility is highly
guestionable.

Figure 3.6 Comparison of proposed binding ofA) the 38aa sulphotyrosine peptide binding
to a CXCL12. dimer revealed by NMR. The zoomedexction shows the side chains CXCL12
residues Vall8, Argd7 and Val49 that are involved in binding the sTyr21 of CXCR4
(Veldkamp, Seibert et al. 2008) and in (B) a monomeZXCL12 . binding to CXCR4 revealed
by molecular modelling (Salanga and Handel 2011).

3.4.7 Oligomerisation

The physiological relevance of the chetme monomer-dimer equilibrium and
the interaction between chemokines, GA&wd receptors is all not yet fully
understood and highly controversial ardig will not ke discussed in detalil,
however, it is importantral thus is mentioned.
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Most chemokines, including CXCL12tend to dimerize ahigh concentrations
(Holmes, Consler et al. 2001; Gozanskguls et al. 2005; Vekamp, Peterson et
al. 2005; Baryshnikova and Sykes 2008eldkamp, Seibert et al. 2006).
Monomeric variants of chemokines halween shown to be fully functional in
chemotaxis assayi® vitro, indicating that monomers are sufficient to activate
receptors. However, several chemokines require oligomerisation inaridoall
data suggest that this requirementakted to GAG-binding (as shown for MCP-
1, MIP-1, CXCL10 [IP-10] and RANTES)Proudfoot, Handel et al. 2003;
Campanella, Grimm et al. 2006).

It has been shown that receptors atigerise (homodimers [CXCR4:CXCR4] and
heterodimers [CXCR4:CXCR7]) and chemoés oligomerise (in the presence of
GAGs and the N-terminal of CXCR4)Chemokine oligomers, including
CXCL12 ., appear to be functional and taluce alternative signalling responses,
such as cellular activation or signalshalt migration (Veldkamp, Seibert et al.
2008), which give rise to the concepttihese complexes dynamically change
their stoichiometries and structures ast g their functioml regulation. Further
studies are required to eldate tle functional role of chemokine monomers and
oligomers and the regulation of the diduium between the different forms and
their different physiological roles.

3.4.8 CXCL12@

Not only are there many unanswered questipertaining to the regulation and
specificity of CXCL12 .signallng through CXCR4 and the role played by cell-
surface and cell-free GAG oligosaccharides, but there are many unanswered
guestions about CXCL1200.

The mRNA of CXCL12 was first identified in the heart of rats (Gleichmann,
Gillen et al. 2000) and the structure-functi@tationships of this isoform are still
not fully understood. Santiaget al., have recently shown that CXCL12
accumulates at the endothelium and ondigic cells which are two important
interfaces for T-cell recitment and activation (Santiago, Izquierdo et al. 2011).

CXCL12 is an alternative splice variamf CXCL12. Of the 98 amino acid
residues which comprise CXCL12the first 68 residues resemble a three
dimensional structure which isodely related to that of theisoform. However,

the 30 residues at the C-terminal adaptunstructured form which suggests a
functional role due to its length, basicache and mobility (Laguri, Sadir et al.
2007). Interestingly, 60% (18 basic wchses) of the C-terminus of CXCL12re
comprised of positively charged amino acitissine and arginine) and four HS
binding motifs (BBXB) are foundHRigure 3.3. This is why the C terminus of
CXCL12 has an extremely high affinity for negatively charged KS=0.9 nM
versus 30nM for CXCL12). This interaction is vergtable, rendering the highest
affinity interaction ever observed for angemokine (Altenburg, diet al.; Laguri,
Arenzana-Seisdedos et al. 2008;eRa, Balabanian et al. 2008yidure 3.7.
CXCL12 is thus retained at the cell surface by the HS more so than the other
isoforms. The C-terminal domain regulates the function of CXClaRit is less
active as compared to CXCL12n terms of chemoattréon (Rueda, Balabanian

et al. 2008), however, it broadens the GAG spectrum to which the chemokine can
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bind. Rueda and colleagues showed that CXCLdignals through CXCR4 on
lymphoid T cells, however, with a much lower agonist potenaoagpared to the
CXCL12. isoform (Rueda, Balabanian at. 2008). Interestingly, mutants of
CXCL12 that do not posses ti&XBB HS binding motifs, show an increased
affinity and activation of CXCR4 comparead the wild type (Laguri, Sadir et al.
2007; Rueda, Balabanian et 2D08). The affinity of CXCL12 for CXCR4 has
never been calculated before.

Figure 3.7 Analysis of CXCL12 binding to HP, HS and DS. SPR sensorgrams measured
when CXCL12 was injected over HP, HSr DS activated sensorchips. The response in RU
was recorded as a function of time (s) for CXCL12 (26 to 300 nM) and (2.6 to 30 nM).
Adapted from (Laguri, Sadir et al. 2007).

The molecular and functional identity ofgrsplice variant is heavily reliant on its
unprecedented high affinity for GAGs arui$ suggests that this chemokine may
be under specific regulation by the HS fowordthe cell surface (Laguri, Sadir et
al. 2007; Rueda, Balabanian et al. 2068wever, very littleis known about the
role played by this chemokine in homt&dg and pathological processes and its
regulation by GAGs. Alsois it not known(and highly debatable) whether the
inhibitory effect of solble GAGs as seen for CXCL13ignalling can be applied
to the CXCL12 isoform.

Altenburget al.,showed that CXCL12was the most potent at blocking CXCR4-
tropic HIV-1 (Altenburg, Jin et al. 2010)The point in common between the
anionic GAG fragments and the N-termimfsCXCR4 is the negatively charged
residues; the sulphate groups along the oligosaccharide and the sulphated
tyrosines respectivelyCXCL12 has a much higher affinity for GAGs when
compared to the other isoforms and tmay have a higher affinity for the N-
terminus of CXCRA4.

The binding interactions between gpla6d chemokines with their cognate
receptors as well as their interaction andutation by GAGs are intiately
linked. Understanding the structural Isagor these interactions will provide
valuable insight into the designing ofttez inhibitors of these interactions.
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Another binding interaction that is hightpeculative, is that between CXCL12 (
and ) and CXCRY7. There is only one tyrosine in the N-terminal of CXCR7, and
the literature to date does not mentioattthis tyrosine is sulphated. From the
work performed by Ruedet al.,in 2008, and as mentioned above, CXCL&2d
CXCL12 bind in an identical manner to ©R7 (Rueda, Balabanian et al. 2008),
which is clearly not the case for CXCR#e can infer from these results that
perhaps CXCL12 binds to CXCR7 in a simitafashion to that of CXCL12 It
would thus be interesting to measuhe signalling activity produced through
CXCL12 binding to CXCR7 and compare it to that of CXCL1&ignalling
through CXCR7. Also, with the reoe discovery of CXCR7:CXCR4
heterodimers, one could imagine a scenarhere the chemokine (for example
CXCL12), binds the CXCR4 N-terminal via itdongated basic C-terminal and is
able to reach to and signal throutife adjacent CXCR7 chemokine. A similar
scenario could be imagined forethCXCR4:CXCR4 homodimer; whereby a
monomer CXCL12 binds to the N-terminal obne CXCR4, and due to its
heightened flexibility, is able to relado the active site on the adjacent CXCR4
and induce a signal thorugh the adjacent CACRKhile being tethered to the first
CXCR4. The same situation could occur with CXCL1®&hereby it binds to one
coreceptor (CXCR4 or CXCR?7) and signddsough the adjacent coreceptor in the
dimer (CXCR4); this has already been proposed byéival., (Wu, Chien et al.
2010). In order to confirm these hypothgsenuch futher x@erimentation is
required.
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Chapter 4: The Objectives of This Project
41 :i:o ",Ei_“_(’\o "'_ 1”‘GE¢— o‘.of"(i :I:o A"f.-f(o

Au cours des 30 dernieres années depasidécouverte du VIH-1, d'importants
efforts ont été consacrés a la lutte contre ce virus. Malgré I'existence de nombreux
anti rétroviraux, leur toxicité ainsi que tveloppement de virus résistants aux
médicaments exigent I'emploi de stratégies d’attaques plus efficaces et
innovantes. Une approche prometteuseteémte consiste a cibler I'entrée virale,

et aujourd’hui, deux inhibiteurs d'entrée destinés au traitement ont déja été
approuveés par la Food and Drug Admirasbn (FDA) et 'Agence européenne

des médicaments (EMEA). Cependant, il exiéja une résistaa décelable ainsi

que des effets secondaires indésirables associés a ces deux nouveaux
médicaments. L'objectif global de ce mgonsistait a mettre en place une plate-
forme (de criblage), par laquelle différentaslécules pourraierdétre testées pour

leur capacité a inhiber ldaison de la glycoprotéine de l'enveloppe virale (la
gp120) a ses ligands de la surface cellulaire : les récepteurs couplés aux protéines
G (GPCRs: CXCR4 et CCR5), le CDst les glycosaminoglycanes (GAG),
inhibant ainsi I'entrée virale.

Des anticorps (17b, E51, 48d etc) ont étdisés en tant que « mimes de
corécepteurs » dans de nombreuses études, car ils lient la région cryptique de la
gp120 qui n'est exposée qu’une fois quedCEst déja lié a I'enveloppe, c’est-a-

dire les sites induit par CD4 (CD4i).utilisation de tels anticorps est moins
fastidieuse et plus simple que I'utilisat de corécepteurs natifs, en raison des
complications associées a la manipulation des protéines membranaires. Toutefois,
l'utilisation d’anticorps en tant que minu® corécepteurs est problématique car
I'anticorps n’est qu'un mimeartiel et ne représente quia partie des épitopes

qui sont réellement impliqués dalasliaison au corécepteur natif.

» C'est pour cette raison nous voulionsttnreeen place un systéme d'interaction
qui permette la capture des corécepteurgsnatileur utilisation dans une analyse
d’interaction.

Traditionnellement, l'interaction gpl2@récepteur a été analysée avec des gpl120
marquées ainsi que des cellules entieRer. conséquent, cette approche peut
entrainer la liaison de gp120 a de nombesusiolécules a la surface des cellules.
De tels systémes sont donc mal adaptés tests de criblage car l'interaction
gpl20-corécepteur n'est pas isolée de la cellule entiére. L'utilisation de
corécepteurs isolés/purifiéen la liaison gpl20-CCR5 est détectée, est trés peu
abordée dans la littérature (BabkodViirzabekov et al 2001;.. Navratilova,
Sodroski et al 2005). De suoit, jusqu'a présdnl'affinité del'interaction gp120-
CXCR4 avec des corécepteurs CXCR4 isolés n'a jamais été détectée.

Les exemples de l'utilisation des prot&rmaembranaires dans le contexte de la
résonance plasmonique de surface sont dréssirares dans la littérature. Ceci

s’explique par lI'extréme complexité sdleomposants du tampon nécessaires pour
maintenir la fonctionnalité de cegrandes protéines hydrophobes. L'un des
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principaux objectifs de ce travail consista mettre en place et a utiliser cette
technique dans le laboratoire. La mise place de la miébde, qui consiste a
solubiliser les corécepteurs et lewsniobiliser & une surface solide, tout en
conservant leur fonctionnalité, représente une grande partie de notre travail, et

constitue la principale éwalion technique réalisée dans le cadre de cette thése.

Un tel systéme d'interaction mets a profit l'interaction de forte affinité entre
I'étiquette C-terminal du corécepteDKCR4 et I'anticorps immobilisé 1D4 a la
surface BlAcore. Le récepteur solubilisé est a la fois purifié et concentré sur la
surface du capteur. Ceci est réalisé @s@nce d'un tampon contenant des lipides
et des détergents qui pourder la structure nativées corecepteurs (GPCRS).

Afin de valider la fonctionnalité ce si¢me d'interaction avec des corécepteurs
solubilisés, nous avons d'abord utilisé le ligand naturel de CXCR4, CXCL12
SDF1.. Des anticorps sensibles a la confornratie leur cible ont été utilisés afin
de vérifier si nos corécepteurs solubili$ésctionnaient ou pas, et si, en utilisant
des techniques alternadis, leur interaction refte les données cinétiques
comparables aux études précédentes dans la littérature.

* Nous avons donc utilisé ce nouveaustt@'interaction biochimique pour
comparer la liaison de CXCL12avec celle de CXCL12et leur partenaire
CXCR4 [Chapitre 5].

* Une fois que la fonctionnalit¢é du stgme a été validée, notre but ultime
consistait a utiliser lglate-forme pour cribler plisurs banques d'inhibiteurs
d'entrée qui empécheraient la liaison des complexes gp120-CD4 aux corécepteurs
solubilisés et immobiliséghapitre 6].

En utilisant cette technique de résoreplasmonique, les corécepteurs solubilisés
conservent leur fonctionnalité car des dées cinétiques peuvent étre déterminées
entre les corécepteurs et leurs ligandpeetifs. Cette technique met en évidence

des informations sur les mécanismes disdia des interactions spécifiques entre

les GPCRs et leurs ligands, et fournone plate-forme pour le criblage des
antagonistes moléculaires. Ce systeme a été utilisé pour cribler diverses molécules
inhibitrices de I'entrée di/IH-1. En plus de testedes molécules inhibitrices

issues de nos programmes de recherche, nous nous sommes également servis de
cette plate-forme pour cribler la capadités petites molécules inhibitrices d'une
entreprise commerciale a itieir/empécher l'entrée du VIH-1.
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4.2 Objectives

During the last 30 years since the discowaridlV-1, enormous efforts have been
devoted to combating this virus. Many anti-retrovirals exist, however due to their
toxicity and the development of drug resistant viruses, navelmore effective
attacking strategies need to be emptbyEargeting viral entry is a promising and
recent approach and today, two entry inioikls have been already approved by the
FDA and EMEA for treatment. However,elte is already detectable resistance
and undesirable secondary effects asdedi with these two new drugs. The
overall aim of this project was to set agscreening) platform, whereby different
molecules could be tested for theirildyp to inhibit the viral envelope
glycoprotein, gp120, from binding to its &gds on the host cell surface, G-protein
coupled receptors (GPCRs: CXCR4 and CCR5), CD4 and glycosaminoglycans
(GAGS) respectively — thelog inhibiting viral entry.

Antibodies (17b, E51, 48d etc) have been used as ‘coreceptor mimics’ in many
studies, as they bind the cryptic ragion gp120 that is exposed only once CD4
has already been bound to the envelope, the CD4 induced site (CD4i). The use of
such antibodies is less tedious and simpler than using native full-length
coreceptors, due to the complicatiorss@ciated with manipulating membrane
proteins. However, the draw-back to usargibodies as coreceptor mimics is that

the antibody is only a partial mimic awnides not fully represent all the epitopes
that are actually involved in native coreceptor binding.

X It was for this reason desirable to set up an interaction system that enabled
the native full-length coreceptor to be captured and used in a binding
interaction analysis.

The gpl20-coreceptor interaction has bémulitionally analysed with labelled
gp120 and whole cells; thus this appro&ciild lead to gp120 binding to many
cell-surface molecules. Such systems are poorly adapted for screening purposes as
the gp120-coreceptor interaction is not adet from the whole cell. The use of
isolated/purified coreceptors, has beeported in very few papers (Babcock,
Mirzabekov et al. 2001; Navratilov&odroski et al. 2005) where gp120-CCR5
binding has been detected, but up untiv, the affinity of the gp120-CXCR4
interaction has never been deteatetth isolated CXCR4 coreceptors.

Reports of the use of membrane pnogein the context of surface plasmon
resonance is very rare in the literature due to the extreme complexity of buffer
components required to maintain thendtionality of these large hydrophobic
proteins. A major objective of this workas to set up and uskis technique in

the laboratory. Setting up the method (solubilising the coreceptors and
immobilizing them on the solid surface, while retaining their functionality)
represents a large part of our work anthiss main technical development realized

in the context of this thesis.

Such an interaction system takes advantage of the high affinity interaction
between the C-terminal tag on the CX£Boreceptor and the immobilized 1D4
antibody on the biacore surface. The solubilized receptor is both purified and
concentrated onto the sensor surfaceis Tif performed in the presence of a
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lipid/detergent containing buffer that micsithe bilayer where the coreceptors are
naturally found.

In order to validate the functionality dfie newly set-up solubilized coreceptor
interaction system, we first usette natural ligands of CXCR4, CXCL12
/ISDF1.. Conformationally binding-sensitivantibodies were used, as tools to
verify whether our solubilized coreceptors were functional or not and if their
interaction reflected comparable kinetic dedgrevious studies in literature using
alternative techniques.

X Therefore, we made use of thiswndiochemical interaction assay to
compare the binding of CXCL12with that of CXCL12 and their
CXCR4 partnefChapter 5].

x Once the functionality of the sysh had been validated, our final
endeavour was to use the platfotm screen several banks of entry
inhibitors which prevented the gpd-ZD4 complex from binding to the
solubilized immobilized coreceptofShapter 6].

Solubilized coreceptors retain theiuntctionality, using this surface plasmon
technique, whereby kinetic data candeermined between coreceptors and their
respective ligands. This techniqueu@tates inform@gon on the binding
mechanisms of specific interactionetween GPCRs and their ligands and
provides a platform to screen for molecudatagonists. This system was used to
screen for various inhibitory molecules ldfV-1 entry; not only were inhibitory
molecules tested from collaborators but this platform was also used to screen
small entry inhibitor molecules from a commercial company.
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Chapter 5: GAGs differently effect the liaison of
CXCL12=and CXCL12@vith CXCR4

51 i8£'f"fet o—Z"f-1 "t%—2% tF “f-te t°°

St = :l:— @ fNi \Vj o‘oof(”:t :to A”f.-f(o

L’héparane sulfate (HS), est appatomme un régulateur clé de nombreux
processus biologiques fondamentaux. Beapade protéines, pai lesquelles les
chimiokines se lient a HS et cette natetion est fonctionnellement importante.
CXCL12, une chimiokine dont les nomglises fonctions biologiques sont
médiées par un récepteur pautier couplé aux protéings (CXCR4), existe dans

six différentes isoformes, $eplus étudiées étant CXCL12Des études antérieures
ont montré que CXCL12interagit avec HS avec une affinité de 50 nM, tandis
que lisoforme CXCL12 affiche une affinité inhahiellement élevée pour cet
GAG (Kd = 0,9 nM) (Laguri, Sdir et al. 2007). La bas#e cette différence a été
attribuée a un long ittch de résidus basiques qairactérisente domaine C-
terminal de CXCL12 et absent dans CXCL12Des étudesn vivo ont montré

que la liaison avec HS permet a CXCLH2& promouvoir les activités biologiques
avec beaucoup plus d'efficité par rapport a CXCL12 Nous avons comparé
I'interaction de ces deux isoformes a¥@kCR4, et étudié ledle des HS dans
cette liaison. Ici nous avons utilidd technologie SPR dans lequel CXCR4
solubilisé a été capturdans un environnement lipggie / détergent sur une
surface de biocapteur afin aeesurer la liaison de CXCL12et CXCL12 en
temps réel. Les affinités obtenues (Kd de 13 et 0,7 nM pour les isoforetes .
respectivement) sont en corrélation avec les valeurs déterminées pour les
récepteurs membranaires datsutres études (pour CXCL1R La préincubation

de CXCL12. avec HS n'a pas modifié saifion a CXCR4, mais a fortement
diminué celle de la de lisoforme CXCL12un point qui a été confirmé par
cytométrie de flux sur des des cellules. Cela suggére que la partie C-terminale de
CXCL12 contribue a la liaison a CXCR4,aisemblablement en interagissant
avec l'extrémité N-terminale sulfatée @XCR4 (les tyrosine3, 12 et 21 dans le
domaine N-terminal sont sulfatées). Cacété confirmé par une expérience de
titration en utilisant des approches de RM_orsque la protéine recombinante
CXCL12 N marquée a été titrée avec des pestisulfatés du N-terminus de
CXCR4, les données suggerent que des suifsines dans le domaine N-terminal
de CXCR4 renforcent l'interaction avec CXCL12t que le C-terminal de la
chimiokine CXCL12 est responsable de l'augmeida de l'affinité avec le
corécepteur. L'analyse de phosphorylation de ERK induite par CXCk12 .
CXCL12 montre que les deux isoformestiaent differemment la cascade de
signalisation, suggérant un réle du domaine C-terminal de la chimiokine.
Ensemble, ces données montrent queCkerminal basique et allongé de
CXCL12 interagit a la fois avec les HS et la séquence sulfatée N-terminale de
CXCR4 et nous proposons une éventuellgulgdtion de l'actité de l'isoforme
CXCL12 par HS.
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5.2 Introduction

An assay that permits the isolationdaimmobilization offunctional G protein
coupled coreceptors / GPCRs is extremely valuable as it permits the analysis of
very complex molecular interactions thatcar at the cell membrane so that they
can be studied with the least amountotiier or non-specifibinding partners
present. Not only is it of paramount impamce to search for an effective HIV-1
entry inhibitor that can inhibit botCR5 and CXCR4 tropic HIV-1 entry, but the
mechanisms of chemokines binding to thereceptors are not fully understood
and such an assay can help understaaseticomplicated binding mechanisms as
well as assess the relplayed by glycosaminoglycamsthese interactions, which

is also poorly understood.

Our collaborators (Francoise Baleux, Indt Pasteur) synthesized the different
isoforms of CXCL12 (, and mutants used in thisudy). Using thigrotein as a
ligand for the solubilized CXCR4 on theabore is strategitor two reasons: i)
firstly it is a relatively small (8-10 kDa), soluble protein that will render
information on whether or not the sollibed CXCR4 coreceptors are functional
and ii) since our collaborators synthesize these proteins, they are available in
large, homogeneous amounts, as well as mutants of these proteins.

Membrane proteins are notoriously difficult to mangial once they have been
removed from their natural envirommt. Their large hydrophobic domains
required the presence of a delicate badaonf certain lipids and detergents to
retain their functional three-dimensional structure once they have been extracted
from the cell membrane. Failure to gbilize the coreceptors in the correct
cocktail of lipids and detergents, resuiits denatured or only partially folded
coreceptors which are not recognized bgirthigands and thus are not functional
and consequently irrelevant in bindisgudies. Very few groups in the world
endeavour to solubilize and capture @¥# on a biacore surface for binding
studies (Navratilova, Sodroski et.aP005). Some studieperform binding
interactions on whole cells using lalegll ligands (Doranz, Baik et al. 1999),
however, this can lead to non-specific binding of the ligands to the cell surface
molecules (such as glycosaminoglyca®@her groups incorpate the solubilized
GPCRs into proteoliposomes for bindistudies (Babcock, Mirzabekov et al.
2001; Zhukovsky, Basmaciogullari et al. 2018uch work with proteoliposomes
requires labelling of the land which could alter the binding properties of the
ligand. Thus, the approach of solubilising and immobilizing solubilized GPCRs
on a static surface allows for theakt amount of non-specific binding, no
requirement for ligand labelling and the reaction can be followed in real-time.

In the context of the objectives of thigork, in order to set up an interaction
system whereby the binding evetstween immobilized GPCRs (CXCR4 and
CCR5) and their partners (gp120 and Cbdh be monitored and the inhibitory
capacity of the mCD4-H$ evaluated and further pnoved, a binding assay was
first set up betweerCXCR4 and CXCL12, to verify the integrity of the

immobilized coreceptors. Below, is a twam representation of the immobilization
of the solubilizedcoreceptors ttough their interactiorwith the 1D4 antibody

which is coupled to the dextran rlace by amine coupling chemistry (see
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section8.10.5.2). Various proteins and antibadi@e seen interacting with the
solubilized coreceptors and these are espntations of what we have studied
using the biacore. In every experimeatreference cell was used whose binding
response data was subtracted from thedektso as to remove any non-specific
signal if any and to corredor bulk effect associated to ligand injectidfigure
5.1).

Figure 5.1 Cartoon of the capture of C9 taggd GPCRs through their interaction with the
1D4 immobilized antibody and the binding of conformation spcific antibodies, ligands and
compounds. Adapted from (Navratilova, Dioszegi et al. 2006).

5.3 Results

5.3.1 Preparation and control of cells expressing CXCR4

The canine thymocytes (Cf2Th cells) tiva¢re used in this assay are adherent
cells that have been stably transfecteith the human clones of either CCR5
(Cf2Th.CCR5) or CXCR4 (Cf2Th.CXCR4nd thus constitutively express high
levels (0.5 - 1.0 x 1) of human CCR5 and CXCR4 coreceptors per cell
respectively. The clones were originaityade by (Dr. Tajib Mirzabekov and Dr.
Joseph Sodroski) and a C-terminal (@ TSQVAPA [C9]) was isorporated into

the sequence (Mirzabekov, Bannert et al. 1998 C9 tag has a high affinity for
the 1D4 antibody and thus this tag-antibody recognition system allows for an
efficient strategy to purify the coreceptors from crude membrane extractions.
These cells were cultured in stand@MEM media supplemented with serum
and antibiotics as previously desmd (Mirzabekov, Bannert et al. 1999). The
cells were serially passaged five éis before harvesting. On the day of a
coreceptor extraction, the cells were wasleBBS, and detached from the flask
with versene (0.48 mM EDTA in phosphdieffered saline). The Cf2Th cells
grew relatively very fast (confluentitnin 2-3 days) anddetached from the
culture flasks easily in the presence of versene.
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Before the interaction system was sptusing surface plasmon resonance (SPR),
we initially verified the expression ofédHlGPCRs on the surface of the Cf2Th cells
using flow cell cytometry. The conforiianally sensitive atibodies 2D7 (Lee,
Sharron et al. 1999; Khurana, Kennedy et al. 2005) and 12G5 (Baribaud, Edwards
et al. 2001) were systematically ugeddetect CCR5 and CXCR4 respectively on

the cells using flow cell cytometry analysisdure 5.2.

Briefly, 1 x 1 cells (expressing either CCR5 or CR4) were detached from the

cell culture flasks and washed in PBSeytwere then incubated with the primary
antibodies (2D7 and 12G5-FITC respeety) for one hour at 4°C. The unbound
antibodies were washed away three timeBBS and the secondary FITC-labelled
antimouse antibody was used to detect the bound 2D7 to the cells. The 12G5 was
coupled to FITC directlyand did not require aesondary antibody. The FITC-
labelled cells were fixed in 4% pd&vamaldehyde and detected in the flow
cytometer. As can be seen from thiensity of the bound antibodies to the Cf2Th
cells, the presence and integritytbé coreceptors was verifieHigure 5.2.

Figure 5.2 Cf2Th cells expressing either Germinal C9 tagged CXCR4 or CCR5 (10x) and
corresponding flow cytometric analysis depictig a positive stain for12G5-FITC binding to
CXCR4 expressing Cf2Th ad 2D7 binding to CCR5 expressing Cf2Th cells.

5.3.2 Alternative methods to measure binding

Initially, we sought to develop a flowell cytometry-based technique, whereby
the binding of conformationally dependesmtibodies to theicoreceptors (e.g.
12G5 binding to CXCR4) was displaced in the presence of competing molecules
(T134 or gpl20-CD4) or binding was restored in the presence of ‘inhibited’
competing molecules (CXCL12non-binding mutants or complexes of gp120-
CD4 + inhibitor). For eample, as shown iRigure 5.3 for both normal cells and
cells that had been stored in 0.4 Mcmse (Sadir, Lortalacob et al. 2000),
12G5-FITC binding was diminished in esththe presence of non-labeled 12G5 or
in the presence of T134, a CXCR4 antagb({Xu, Tamamura et al. 1999). Thus
techniques seemed feasiliter the use of T134, howeven our hands we were
unable to show diminished 12G5-FITC binding in the presence of competing
molecules such as gp120.
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Figure 5.3 The upper panels show cells that lva been treated with 2% paraformaldehyde
(pf) before staining with the 12G5-FITC secndary antibody and the lower panels were not
fixed in pf. Panels on the lefivere performed with cells storedn 0.4M sucrose and panels on
the right are fresh cells. Unlabelled CXCR4 expessing cells (red), pre-incubation with
5ug/ml T134 (dark and light green), pre-incubdion with 12G5 (purple and pink), and cells
directly labelled with FITC-12G5 (blue and orange) are shown.

5.3.3 Solubilization of the CXCR4membrane protein

Following this, we analysed whether solubilised coreceptors, despite the abrasive
treatment to solubilise them from the agémbranes, retained their integrity and
were still able to be detectdy their ligands (12G5, CXCL12. This would give

us an indication whether or not the wdalization process would be suitable to
capture functional coreceptors on 8IéR surface for binding analysis.

Due to the hydrophobic natuoé the coreceptors, combinations of lipids (DOPC :
DOPS) and detergents (DDM, CHAPS &idS) in different buffer compositions
were tested to identify the conditions that retain the functionality of the solubilised
coreceptors. To confirm the integrity tife immobilized coreceptors, antibodies
and the CXCR4/CXCL12interaction was analyse@he solubilization buffer and
protocol used in this study was slightly adapted from that of Navratéow.,
(Navratilova, Sodroski et al. 2005). Usually 5 ¥ t@lls per ml of solubilization
solution were solubilized for the preparation of the membrane-derived coreceptors
and this solubilization solution was testexd its ability to retain the functional
integrity of the coreceptors dag and after the solubilization.
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5.3.4 SPRAnNalysis of solubilized CXCR4

The solubilized coreceptors were then captured onto a 1D4 immobilized chip
surface. For this purpose, the 1D4 bhatly surface was prepared as previously
described (Navratilova, Sodroski et 2005). Briefly, the carboxylmethyl surface
was activated with a 1:1 mixture &DC/NHS which ativated the carboxyl
groups on the sensorclsprface (see secti@10.5.2 for details). Following this,

the 1D4 (anti-C9 tag) antibody was injected onto the sensorchip in a Na Acetate
buffer with a pH of 4.2 (a buffer with jpH that is usually 1 unit down from the
proteins’ pl), so as to ensure that #r@ibody was protonated and thus with its
overall positive charge will aid its attram to the activated carboxyl surface. An
injection of about 12 minutes at 5ul/min ensured that a sufficient (~7000 response
units) amount of 1D4 was immobilizeonto the surface. The remaining free
activated carboxyl groups were blocked with a rbihute injection of 1M
ethanolamine pH 8.5. A representativdilaody and coreceptommobilization
profile are shown irFigure 5.4A. This ‘ID4 surface’ was the pre-requisite for
capturing the solubilized coreceptatia their C-terminal tag (C9).

Once the ID4 surface was formed, the buffer was changed from the HEPES
Buffered saline to the running buffeontaining lipids and detergents. The
solubilized coreceptors were injected thre latter buffer for a period of 30-60
minutes at a low flow rate (5ul/min) tensure maximum coreceptor capture via
the 1D4-C9 tag interéion over the 1D4 surfacd-{gure 5.8B).

Figure 5.4 (A) Representative sensorgram of EDC/NHS injection, 200ug/ml 1D4
immobilization and ethanolamine blocking on tle CM4 sensor chip surfaces to ~7000 ru of
1D4. (B) Representative sensorgram of oeceptor immobilization via the C9 tag -1D4
interaction to ~3000 ru.

Initially, a previously published buffer (Navratilova, Dioszegi et al. 2006) was
used to analyse interactions betwd&@{dCR4 and its ligands (12G5, CXCL12

etc) using SPR, however, the binding curves were often not smooth and not
reproducible. Thus we altered the buffer slightly and used a new composition, the
Rebecca Rich buffer. Even further optimization was required to obtain
reproducible binding data and we finalended up with a completely unique
buffer (New buffer (Table 5. The interaction between between immobilized HS
and CXCL12 .has been reported preusly in a standard aqueous buffer (10mM
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HEPES pH 7.4, 150mM NaCl) (Amara, Lonii et al. 1999). In order to verify
that our complex buffer anstituents did not altethe binding properties of
CXCL12 ., we tested the bimgg of this classidaand well-known SPR
interaction, between CXCL12and immobilized HS, in the presence of the New
buffer. Equivalent binding responsestween immobilized HS and CXCL12n

the New bufferwere reproduced as compartedthose observed by Amaea al.,
This verified that the complex buffer components do not alter CXCk12
binding properties to its pamtr HS and thus we coufoceed to perform further
tests with CXCL12 in the presence of the New buffer

Table 5. Summary of the diferent buffers tested during theoptimization of the BIACORE
running buffer. The final buffer used is the New buffer.

Classical Navratilova Buffer Rebecca Rich Buffer New Buffe(This

Buffer (Navratilova, work)
Dioszegi et al.
2006)
50mM 50mM HEPES pH 50mM HEPES pH 50mM HEPES pH
HEPES pH 7.0 7.0 7.0
7.4 150mM 150mM NacCl 150mM NacCl 150mM NacCl
NacCl 1 mM CaC} 5 uM CaC} 5 uM CaC}
5 mM MgCh 1 uM MgCl, 1 uM MgCl,
0,1 % DOM 0,1 % DDM 0,1 % DOM
0,1 % CHAPS 0,1 % CHAPS 0,1 % CHAPS
0,02 % CHS 0,02 % CHS 0,02 % CHS
50 nM 7:3 DOPC 500 nM 7:3 DOPC 50 nM 7:3 DOPC
:DOPS :DOPS :DOPS
0,1 mg/ml of BSA 0,2 mg/ml of BSA 0,1 mg/ml of BSA
5% glycerol 5% glycerol
5 % PEG 8000 5 % PEG 8000
3% DMSO

Since it was established that tNew bufferretained the full functionality of the
CXCL12 . the crude preparations of coreceptors in ke buffer described
above were injected over the 1idmolbilized surface as describedRigure 5.4
(Test surface). In parallethe negative surface waseds this surface contained
only the 1D4 antibody and any non-specific binding between the CXCR4 ligands
and the 1D4 antibody, were subtracted fribr test surface for the final binding
curve.

To confirm the integrity and functioliy of the immobilized coreceptors,
interactions between casrimational antibodies and chemokine ligands were
monitored. For this purpose, 25nM 12G5 was injected over the coreceptor and
1D4 (negative) surfaces. The mAb 12@&®ognises complex conformationally-
dependant epitopes in the first andas®textracellular loopsf CXCR4 (requires

an intact C28-C274 disulfedbond) and thus this antibody was used to asses the
integrity and functionalityof the immobilized coreceptof8relot, Heveker et al.
1999). The CXCR4 surface intetad with the 12G5 and to confirm that this
interaction was specific, 1uM of T134, small molecule CXCR4 inhibitor (14
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amino acid peptide antagonist) was injecte@r the surface in the presence of
25nM 12G5. T134 was previously showm inhibit 12G5 binding to CXCR4
expressing cells at a similar concehtma (Xu, Tamamura et al. 1999). The T134
almost completely inhibited 12G5 raling, confirming that the 12G5/CXCR4
interaction was specifid={gure 5.5A).

Now that we were convinced thatethsolubilized CXCR4coreceptors were
functional, through the specific bindingf the 12G5 antibody, we then injected
50nM of CXCL12 .over the CXCR4 surface and this chemokine gave rise to a
typical binding sensorgram (assoaiatiphase followed by a dissociation phase
returning to the baseline after the end of the injectiBigufe 5.5B). CXCL12 .
binding to CXCR4 has been described &as@step processyhereby the N-loop,
as well as residues in thesheet and 50-s loop first make contact with the N-
terminal of CXCR4, this is then folleed by the first three residues in the
chemokine N-terminal which reach deépo the trans-membrane region of
CXCRA4 for receptor activain (Crump, Gong et al. 1997; Kofuku, Yoshiura et al.
2009).

To confirm specificity of the CXCL12CXCR4 interaction, we injected two
different mutants over the CXCR4 surface; CXCLI267 and CXCL12 5-67.
Each mutant was truncated within theceptor activation domain (the first KP
residues). Thus, in agreement with thedel, these residues are crucial to CXCR4
binding, without these residues, theeniokine binds less to the coreceptor
(Figure 5.5B). This further suggests thatettsolubilized captured coreceptors
adopt a conformation that is very close to their native one.

Figure 5.5 (A) 25nM 12G5 binding to immobilized CXCR4 in the absence (red curve) and
presence (black curve) of 1uMT134 antagonist. (B) Native CXCL12 (50nM, blue curve),
mutant CXCL12 . 2-67 (red curve)and mutant CXCL12. 5-67 (green curve) binding to
immobilized CXCRA4.

Our collaborators have also synthesized the CXCL$aform. As mentioned
above, this is the longest CXCL12 isoforoonsisting of the same first 68 amino
acids found in CXCL12, however, there are an additional 30 amino acids on its
C-terminal which are the product of ahiate splicing. This extended C-terminal
contains three classic BBXB heparan sulphate binding domains. Whether or not
the recently described CXCL12soform and CXCL12 isoform interact in a
similar fashion with theireceptor, CXCR4 was thenvestigated. Dose response
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experiments were performed for a rarajeconcentrations (5 — 50nM) with both
CXCL12 .and CXCL12 isoforms over the immobilized CXCR4 surfaces. Visual
inspection of the curves (Figure 53 immediately illustrates that CXCL12and
CXCL12 display remarkable differences both in the intensity of the binding
curves and in the stability of the colap formed once injected over the CXCRA4.

We fitted the responses for the CXCL1LZXCR4 interaction to a 1:1 langmuir
interaction modehnd the on rates {kor k) were calculated as 2.58 x®195.9 x

10° M st and off rates (& or k) calculated as 3.36 x TGt 5.9 x 1¢° s*. The
CXCL12 /CXCR4 was not very stable aseseby the rapid dissociation of the
binding curves, however, the affinitiKf) of this interaction was relatively high
and calculated at 13 * 1.6 nM. Thelusa obtained for the affinity of
CXCL12 /CXCRA4 is in the same range as that reported by a similar technique
(Navratilova, Dioszegi et al. 2006) and"@-labelled CXCL12. binding assay
(Crump, Gong et al. 1997) with membrarss@ciated receptor (Di Salvo, Koch et
al. 2000) Figure 5.6A). Thus, this technique of measuring binding interactions of
ligands to solubilized coreceptors is functional.

As for CXCL12., we observed a concentration dependant binding response for
CXCL12 . The responses (in RU) were mwsthonger for this isoform compared

to those of CXCL12 as can be seen from the binding curfggyre 5.6B).The

dose response curves were fitted td:& interaction model with mass transfer
because the binding was limited by diffusion. This means that the kinetic binding
rate is significantly higher than the rate todinsfer of analyte to the surface. In
such a case, the association phase is slower due to the analyte not reaching the
surface fast enough and thesshciation phase is alstowed down because the
analyte is not transferred away fastough from the surface and can thus rebind.
Hence when there is a mass transfer limitation, a higher flow rate and lower
surface density is recomended to increager#te of transfer of analyte to the
surface and decrease the surface binding capacity respectively.

When fitting the data, this mass transééfiect was taken into consideration. The
calculated affinity is also higher as seley the very slightdissociation of the
chemokine at each concentration. Thg for CXCL12 was calculated as,k=
1.05 x 16+ 1.2 x 16 M*s* and dissociation rate cdast was calculated asgc

5.6 x 10° + 5.3 x 10° s*. The affinity was calculateds a ratio between thenk
and the ki values;Kp= 0.7 = 0.3 nM, this is the first time an affinity has been
calculated for this isoformF{gure 5.6B). The k, and the kg values have been
determined as a median of two ipgadant experiments and such a large
variation is seen with the standard @wins because thrgaction happens very
quickly, and such a high affinity reactipushes the detection limits of the biacore
apparatus. The on-rate is so fast thatast all of the dissociation is limited by
mass transport and the flow rate canrehove dissociating ligands away fast
enough.

Interestingly, CXCL12 .rapidly dissociated fromthe immobilized coreceptors
while CXCL12 formed tight complexes asesein the case for the CXCL12
chemokine binding to HP, HS and DS {uai, Sadir et al. 2007). Since the sole
structural difference between CXCL12nd CXCL12 is the extended basic C-
Terminal of CXCL12, these results suggests the imeshent of thisextension in

94



CXCR4 binding and that this region mde responsible for the heightened
affinity of CXCL12 for CXCRA4.

Figure 5.6 (A) Binding of a range of concentrations (from top to bottom) 50, 30, 20, 10, 5nM
of CXCL12. or the same range of concentrations of CXCL12 (B) over immobilized
CXCR4. The black traces correspond to theexperimental data and the red traces
correspond to the fitted data using a 1:1 langmuir model (A) and a 1:1 Langmuir model with
mass transfer (B).

5.3.5 The role played by GAGs

Laguri et al., demonstrated that the isoform of CXCL12 displays an
unprecedented high affinity for heparan sulphiige £ 0.9 nM). The unfolded 30
amino acid C-terminal tail of CXCL12distinguishes itself from the isoform

and thus it is this extended basic C-terah of the chemokine that binds to HS.
Previous studies have shown thihe high affinity that CXCL12 has for HS
(Laguri, Arenzana-Seisdedos et &008; Rueda, Balabanian et al. 2008)
demonstrates a strongrpeipation of the CXCL12 C-terminal in the interaction.
Advantage was taken of this high affinity interaction to investigate the importance
of the CXCL12 C-terminal tail and the possible role of GAGs played in
regulating binding of the chemokine to its receptor.

We thus performed an assay where either CXCLA2CXCL12 was injected

over a CXCR4 immobilized surface in theesence or absence of HP12 (dp 12 of
heparin). A 12mer was chosen since this length was identified (using SPR
techniques, confirmed by molecular modad)l for maximal bindig capacity to
CXCL12 . (Sadir, Baleux et al. 2001; &ia Imberty et al. 2004).

As shown inFigure 5.A, 50nM CXCL12. in the presence of 1ug/ml HP12 (~278
nM), shows no significant change compared t® limding between CXCL12

and CXCR4. This observation is consistevith the fact tlat the HS and the
CXCR4 binding sites on CXCL12do not overlap (Laguri, Arenzana-Seisdedos

et al. 2008). However, when 50nM CXCL1% injected in the presence of
1lpg/ml HP12, there is a 7 fold decrease in the steady state equilibrium compared
to 50nM CXCL12 binding to CXCR4 Figure 5.B). This suggests that in the
presence of a 12mer oligosaccharide, the CXClchzmokine binds substantially
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less to its immobilized CXCR4 receptortdrestingly, after the injection of 50nM
CXCL12 in the presence of HP12, the bimglicurve resembles more that of
50nM CXCL12 .implying that when CXCL12is in the presence of HP12, thus
with a ‘blocked’ C-terminal, it ‘bedives’ in a similar way to CXCL12

An alternative conclusion to this resuttay be that only a partial amount of
CXCL12 bound to the free HP12, inhibiting arpentage of the chemokine from
binding the immobilized CXCR4 and thahe small bindingsignal that is
observed Figure 5.7B red curve) is that of the non-HP12-bound CXCL12
binding the immobilized coreceptor. Hovex, this conclusion is ruled out
because a 5-fold molar excess ofgoBaccharide (~278 nM) is used when
incubated with the CXCL12chemokine (50 nM), thus there is virtually no
chance of non-HP12-bound CXCL1Binding the immobilized coreceptor.

Figure 5.7 Effect of 1ug/ml HP12 (red) on binding of 50nM CXCL12 (blue) (A) and 50nM
CXCL12 (blue) (B) to CXCR4.

We confirmed this result in the conteof mammalian Cf2Th cells where CXCR4
was in its natural membrane-bound enviremt To investigate whether HP12, in
the context of the cell surface, diffetly affected the binding of CXCL12and
CXCL12 with cell surface CXCR4, we commal the absorption of these two
isoforms onto the CXCR4T lymphocyte cell line(CEM cells) by flow
cytometry. Before this investigation, the absence of cell-surface GAGs required
determination by flow cell cytometry so & be sure of the absence of any
competing / contaminating GAGs in thesegm. CEM cells express little to no
GAGs on their cell surface, however, to makee that all GAGs were absent, the
cells were systematically treated with cocktail of heparinase | and Il and
chondroitinase A, B, C prior to CXCL12 incubatidfigure 5.8. The following
antibodies were used for the detectidrGAGs: anit-chondroitin-6-sulphate, anti-
chondroitin-4-sulphate and 4G10. Due tee thact that there is a very low
expression of cell-surface GAGs on CEM celle digestion (usg heparinase |
and Il and chondroitinase A, B, C) watso performed orthe epithelial cells
(Cf2Th cells, which display more pronated GAG expression profile) to confirm
the enzymes’ functionality and efficadyigure 5.8).
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Figure 5.8 Systematic treatment ofCEM cells with heparinase land Il and chondroitinase A,
B,C prior to CXCL12 binding experiments. Cf2Th cell digestion is shown to illustrate the
efficacy of the GAG digesting enzymes as there are little to no GAGs on the CEM cell
surface. For all graphs, red = unstained cells only, green = anti-mouse FITC antibody, light
blue = anti-chondroitin-4-sulphate, orange = ati-heparan sulphate (10E4) and pink = anti-
chondroitin-4-sulphate. (A) Nan-digested CEM cells, (B) GAGdigested CEM cells, (C) non-
digested Cf2Th cells, (D) GAG-digested Cf2Th cells.

The GAG digest was thus effective as shown by the significant decrease in
staining intensity of the antibodies (chondroitin-6-sulphate recognises, anti-
chondroitin-4-sulphate and 4G10) in the2Th cells. Since the pre-digest staining

of the Cf2Th cells show a significantvid of GAG expression and in the post-
digestion essentially all dedurface GAGs were removedge can thus infer that

the digestion was complete for the CEM cells too, despite the much lower level of
initial GAG expression on these cells.

Now that all cell-associated GAGwere removed from the equation, we
proceeded to test the binding ofFITC labelled CXCL12 and IC12 labelled
CXCL12 binding to the GAG-digested CEM cells in the absence and presence of
cell-free HP12 oligosaccarides.

The monoclonal antibody IC12 (from Fernando Arenzana-Seisdedos, Institut
Pasteur) which recognises the C-terminal of CXCL1®as used for the
experiments with CXCL12and a directly labelled CXCL12FITC was used for
monitoring CXCL12. binding to cell-associated @R4 on GAG-digested cells.
Data reported irFigure 5.9A shows that the 1ug/ml HP12 had no effect on
CXCL12. binding to CXCR4 (blue curve) as compared to CXCLhiding
CXCR4 in the absence of the oligasharide (pink curve). However kigure 5.9

B, there is a significant displacement o thtensity to the left of the cell surface
CXCR4-bound CXCL12 in the presence of HP12 (blue curve) as compared to
CXCL12 alone (pink curve). The orange curve in Figure B.9epresents the
background binding of IC12 to cell sade CXCR4. The green curves correspond
to 12G5-FITC binding to verify for cellesface CXCR4 expression. These results
are in agreement with the biacore ddtavging that when HP oligosaccharides are
pre-incubated with CXCL12and subsequently injected over or incubated with
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CXCR4-expressing, GAG-digested cellshe association with CXCR4 is
markedly decreased, which is not the case for CXCLTRus, these data provide
more evidence for the argumehtat the C-terminal of CXCL12 containing an
elongated basic tail enriched in BXBB H#nding motifs, is also involved in
binding to the CXCRA4.

Figure 5.9 Effect of 1ug/ml HP12 on binding of 50nM CXCL12 .and 50nM CXCL12 to
CXCR4 expressing, GAG-digested cells vgatested using FACS analysis. CXCL12(A) and
CXCL12 (B) binding to CXCR4 on CEM cells in the absence (magenta) and presence (blue)
of 1ug/ml HP12. 12G5-FITC binding is shown (green) to demonstrate CXCR4 expression.
The orange curve in (B) is the non-sgcific binding of the 1C12 antibody.

The mutant M1 is the CXCL12soform where many (9) dhe basic residues in
the C-terminal tail were mutated intores in order to destroy the BBXB HS
consensus binding sequences. Thusftiewing basic residues were mutated
into Ser: Lys77, Lys78, Lys80, L88, Lys84, Arg86, Lys88, Lys89 and Lys91
(Figure 5.10.

Figure 5.10 The basic amino acids (K and R) thadre highlighted in red in the sequences are
amino acids that have been shown to be plicated in GAG-binding. ** KP signalling
residues, ****** RFFESH in itial contact/docking site with receptor and GAG-binding
domains (BBXB) are indicated in the CXCL12 sequence by the black brackets and the
structures of each isoform ae shown. M1 is depicted, showing the BBXB HS binding motifs
in the C-terminal being destroyed by mutation ofcertain basic residues to serines. Chemical
shift variations upon GAG addition (dp4) are represented on M1 in colour; Red residues
bind the most to GAGs and orange residuebind less and yellow residues bind the least
(Laguri, Sadir et al. 2007).

98



A further confirmation that the C-terminal of CXCL1#as implicated in the
high affinity binding of CXCL12 with CXCR4 was the use of the mutant M1 in
the SPR and FACS analysis. All the BXBES binding sites in the C-terminal of
CXCL12 have been removed by the mutatior®dfasic amino acids within these
regions into Seriree As seen irfrigure 5.11A, 50nM M1 displays a much lower
binding profile than that of CXCL12 and after the injection, M1 dissociates from
the immobilized CXCR4 (binding curvesventually returned back to the
baseline), as seen for CXCL12Also, as seen for the CXCL1ZXCR4
interaction, HP12 had a minimal effeon the interaction between M1 and
CXCR4. This was confirmed in the FACSadysis as pre-incubation of M1 with
HP12 had no effect on the binding witletbell-surface CXCR4, as similarly seen
with CXCL12 . (Figure 5.11B). Thus, the BXBB HS binding sites found in the C-
terminal of CXCL12 are responsible for the strong affinity between this
chemokine and CXCR4 and HP12mer oligosaccharides are capable of disrupting
this interaction.

Figure 5.11 (A) Effect of 1ug/ml HP12 (red) orbinding of 50nM M1 (blue) on immobilized
CXCR4 and 50nM M1 in the presence (blue) and absence (magta) of 1ug/ml HP12 binding
to CXCR4 expressing CEM cells (red). 12G5-FITC (green) is shown to demonstrate CXCR4
expression (B).

5.3.5.1 Hypothesis for the Role played by GAGsin the
context of signalling

Since CXCL12 demonstrates a more significant interaction with CXCR4 due to
its elongated and basic C-terminal and thé&t stable interaction is disrupted by
HS12 oligosaccharides, we hypothesised that the N-terminal sulphotyrosines
might be involved inthe binding of CXCL12 and that this may explain the
differences observed between CXCLEhd CXCL12 binding to CXCRA4.

We decided to investigate this hypatlseusing two experimental approaches;
This phenomenon was investigated gsBurface Plasmon Resonance (SPR) and
Nuclear Magnetic Resonance (NWfer the following reasons:

Initially, we wanted to verify the preace of the sulphotysines on the CXCR4
by the detection of a monoclonal dady binding that specifically recognises
sulphotyrosines, called anti-sulphaigine. The antibody bound to the CXCR4
surface, confirming the presenckthe sulphotyrosines-igure 5.12A red curve,
G). Following this, pre-incubation of the CXCR4 surface with 50nM CXC[.12
blocked the mAb anti-sulphotyrosine frdsmding to the CXCR4 surface. As can
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be seen in the blue curve Bigure 5.12A and E, CXCL12 is injected onto the
CXCR4 surface from -500 to 0 RU on the y-axis showing a strong binding
response, after which 0.5ug/ml antisulphotyrosine is injected and appears not to
bind at all to the surface. In order to rule out the concern that the bulky
monoclonal anti-sulphotyrosine antibody svanot sterically restricted from
binding to the sulphotyrosines once CXCLMas already bound, we performed
the same experiment but with antibody (4G10) that binds the first 38 N-
terminal amino acids of CXCR4, indepentlg of the presete of the sulphate
groups Figure 5.12B red curve). Here, it was shown that once CXCLMaAS
bound to the CXCR4 surface, an injectioh 0.5ug/ml 4G10 is also able to
recognise and bind the N-temal of CXCR4. This provethat there is no steric
hindrance between CXCL12binding and anti-sulphotyrosine, and that the
binding site of anti-sulphotgsine and that of CXCL12are mutually exclusive
unlike 4G10 and CXCL12

Figure 5.12 Injection of antisuphotyrosine alone over the CXCR4surface (A [red curve], C)

and injection of 50nM CXCL12 onto CXCR4 directly followed by antisulphotyrosine (A
[blue curve], E). The control injection of 4G10onto the CXCR4 surface alone (B [red curve],
D) or injection of 50nM CXCL12 onto CXCRA4 directly followed by 4G10(B [blue curve],

F).
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This result has been further investigated using the second technique, NMR
spectroscopy. NMR is a complex type spectroscopy that lalvs one to see
where each residue in the proteinagds in space and in relation to the
surrounding residues as it can provide information on every atom that has an odd
number of protons eld, **C and™N. Very simply put, poteins are hit with

radio waves while they're in a strohgmogeneous magnetic field which causes
the protons of each atom in the protésnalign (nuclear magnetic dipoles). The
radio wave causes the nuclefipoles to begin to tilt and when the radio wave is
stopped, the nuclear dipoles return to itlegiginal orientation. Since each amide

'H and N are within a distinctenvironment (in terms of their neighbouring
residues in the peptide sequence amgghbouring residues in the three-
dimensional structure) the resonance frequencies of each &rhiated >N will

differ slightly from one another. It ishese slight differences in resonance
frequencies that are plotted on a two dini@mal grid reflecting the chemical shift
(change in resonance freency) of each amidéN in the protein as a function of

its corresponding amid&H shift (Figure 5.13B). The **N-'H amide chemical

shifts for CXCL12 were monitored in the presanof either a sulphated or non-
sulphated N-Terminal CXCR4 peptid@dhus, each residue in the protein is
depicted as a dot on the Heteronucl®aidtiple QuantumCorrelation (HMQC)

graph and consequently when the protein undergoes a structural re-arrangement
due to the presence oflgand (in this case, the N-terminal of CXCR4), the
chemical shift between the two states (bound and un-bound) can be compared for
eachresidue. Hence we can detect prdgisehich residues moved (and by how
much) when the different ligands weaelded. Thereforeproviding that each
residue is well depicted ithe HMQC plot, NMR is arery appropriate technique

for determining the precise residuestthare involved ina specific binding
interaction.

Here, recombinantN labelled CXCL12 was titrated with either a sulphated or
non-sulphated chemically synthesized CXCR-terminal peptide. The peptides
comprised the first 29 amino acids of the CXCR4 N-Terminus:
MEGISIYTSDNYTEEMGSGDYDSMKEPAF.Residue C28 was replaced with
an alanine so as to prevent oxidatpaptide dimer formation (Veldkamp, Seibert
et al. 2006). The interaction was nioned for two different peptides, one
containing 3 sulphotyrosines at pogiso7, 12 and 21 and the other peptide
contained un-modified tgsines (peptide synthesis by collaboration with
Francoise Baleux, Institut Pasteur). Briefly, 100{iM labelled CXCL12 was
inserted into an NMR tube and either the non-sulphated or sulphated N-terminal
peptides were titrated into the CXCL1i& the NMR buffer (20mM Na-Phosphate
pH 5.7, 0.01% azide, 2% complaieotease inhibitors, 10%4,0). Spectra were
recorded after each incremental adulitiof the peptide (non-sulphated or
sulphated) and little/no pcipitation was observed whéme peptide was added.

When the recombinaniN labelled CXCL12 was titrated with the non-sulphated
CXCR4 N-terminal peptide, the @ domain (the part of CXCL12that
corresponds to the CXCL12isoform, first 68 amino acids [CXCL12sg)
displayed chemical shifts, and nothing was seen in the C-terminal of CXCL12
Interestingly, a similar result wa®und by Veldkamp and colleagues where
CXCL12 . was titrated with non-sulphated N-Terminal CXCR4 peptide, the
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region 1-68 of CXCL12 was bound. We found exacthyame chemical shifts for

the CXCL1216gbound to the non-sulphated peptidlee red bars in the graph

in Figure 5.13A), independently of the C-terminal of CXCL12/eldkamp and
colleagues also demonstrated that when CXCLbAs titrated with a single-
sulphated (sulphated on Tyr 21) N-Terminal CXCR4 peptide, no changes were
seen on the CXCL12 (Veldkamp, Seibert et aR006). This means that the
sulphates on the N-terminal CXCR4 peptide are not significantly involved in the
contact with the B8 domain of CXCL12.

When the recombinartN labelled CXCL12 was titrated with the sulphated N-
terminal CXCR4 peptide, the CXCL1Zsgpart of CXCL12 interacted with the
sulphated peptide in exactly same manner as it did with the non-sulphated N-
Terminal CXCR4 peptide — thus comfing the results of Veldkamp and
colleagues that the sulphates are not ingmirto the interaction with the 1-68
domain. It was re-assuringahour results for CXCL12.¢g mirrored those that
Veldkamp and colleagues obtained for CXCLHEhd it proves that our protein is
functional and that the expment was performed correctly. However, when the
labelled CXCL12 came into contact with ¢éhsulphated N-Terminal CXCR4
peptide, the C-Terminal of CXCL12was also modified (Figure 5.18 blue

bars). Therefore, the presence of the sulphates on the N-Terminal of CXCR4,
enables the CXCR4 peptidetimd the C-Terminal of CXCL12

The following individual residues were fouma be implicated in the interaction
surface between CXCL12ssand the sulphated N-terminal peptide involving the
N-loop: (F13), B (K24,H25), R(39-42), B(48-50) and theDhelix (W57, Y61,
L62). The CXCL12 core domain (CXCL12_.¢g) strongly binds the N-terminal of
CXCR4 (with and without the sulphated tgnoes) — the residues that are involved
in the binding of the N-terminal are denoted by the red baddlee height of the
bar corresponds to the imt@ty of the interactionHigure 5.13A). Exactly the
same chemical shifts we observed for the CXCL12in Veldkamp and
colleagues’ work.

The sulphated CXCR4 peptide causesrgier chemical sfis on the CXCL12
isoform compared with the non-sulphated peptide, particularly in the C-terminal
basic extension compared to the non-sulphated peptide. These chemical shifts are
quite low, thus they do not representaage movement of the residues in the
presence of the sulphated peptide. Hesve due to the highly disordered and
flexible nature of the CXCL12C-terminal and the fact that there are multiple
BBXB motifs all possessing similar amino acid repeats, all the specific residues
that participate in the liaison with the sulphated N-terminal CXCR4 peptide are
not able to be pin-pointed. Thus, we are not able to detect the chemical shift data
for several amino acid residues in the C-terminal of CXCL®&&ich may in fact

be high — but are undetectable with tteshnique. Despite this, a large group of
amide peaks (residues 68-98) in the chemokine C-terminal displayed significant
chemical shifts in the presence of the sulphated pegtigare 5.10 B CXCL12
C-Ter). This suggests that sulphotyrosines in the CXCR4rmihtal strengthen

the interaction with CXCL12 and that the C-terminus of the chemokine is
responsible for the increased affinity with the coreceptor.
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NMR experiments show thahe interaction of CXCL12 with the CXCR4

peptides involves both the N-terminal folded domain of the chemokine, as well as

the C-terminal tail.

Unlike CXCL12. as shown in Veldkamp et a(Veldkamp, Seibert et al. 2006) in
our experiment, CXCL12does not seem to dimeriserdémains to be confirmed,
however, we believe that CXCL12loes not dimerise in the presence of the N-
terminal of CXCR4. The functional ramifications for thisepbmenon are yet to
be elucidated.

Figure 5.13 "N labelled CXCL12 was observed interactingwith chemically synthesized
peptides comprising the first 29 amino aids of the CXCR4 N-Teminus. (A) Amino acid
residues that interact with both the sulphated and non-sulphated peptide (shown in red) and
those that interact with the sulphated peptide (shown in blue). The amino acids that interact
exclusively with the sulphated peptide are fond both in the core domain and in the C-
terminal of CXCL12 . (B) The chemical shift perturbation observed for the CXCL12
interacting with the non-sulphated peptice (red) overlayed with the chemical shift
pertubations observed for CXCL12 interacting with the sulphated peptide (blue) in the C-
terminal region (CXCL12 C-Ter). Single amino acids canot be determined due to the
repeating BBXB motifs in the CXCL12 C-terminal and its non-structured mobility.

To further confirm the data using a diéat experiment, we immobilized either
the sulphated or non-sulphated peptitte®@ugh amine coupling chemistry onto
96 well plates and tried to determine the binding of CXCLdrZhe C-terminal of
CXCL12 . However, these experimentdills require optimization to be
demonstrative.
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Based on the above data and from previopsbposed ideas adfie role played by
GAGsin vivo (Kuschert, Coulin et al. 1999), we propose a model for the role of
glycosaminoglycans and CXCR4 in moalithg chemokine activity, summarised
here as a “chemokine interactom&igure 5.14 .Five scenarios are depicted for
CXCL12 signalling through CXCR4 and the role played by GAGs is depicted in
the cartoon. CXCL12 signals through CXCR4 vighe interaction of its N-
terminal residues within the transmembe region of CXCR4 (1), however, at
equivalent concentrations, CXCL12s known to be inhibited from signalling
through CXCR4, and we propose that trosild be due to the liaison of the basic
C-terminal of CXCL12 with the anionic N-terminal of CXCR4 which posseses
sulphotyrosines (yellow stars). Thistenaction would place the N-terminal of
CXCL12 too far from the site of activatn within CXCR4 (2). When in the
presence of GAGs (3), CXCL12signalling is possible through the CXCR4
coreceptor as the GAG binding site ahd CXCR4 binding site do not overlap
(Crump, Gong et al. 1997; Amara, Lodhi et al. 1999; Sadir, Baleux et al.
2001). In the case of CXCL12the presence of GAGs could increase the
signalling capacity of CXCL12 as the anionic GAG oligosaccharide
competitively binds the basic C-terminal of CXCL12lisplacing it from the N-
terminal of CXCR4. In doing so would sterically liberate CXCL12and allow

the N-terminal of the chemokine to easily access its activation site within the
transmembrane region of CXCR4 (4).

In terms of the oligomerisation @hemokines, the dimer form of CXCL1has
been shown to bind GAGs and when bound to CXCR4, inducés@dilization
but inhibits chemotaxis (Veldkamp, iBert et al. 2008). Based on the recent
crystal structure of the homodimer CR4 (Wu, Chien eal. 2010), we propose
that the CXCL12 dimer, when bound to a homodimaf CXCR4, interacts with
two N-termini of the two CXCR4 moleculethus restricting the movement of the
N-terminal of the CXCL12 dimer within the extrackllar loops of CXCR4 and
thus does not induce cell migration.
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Figure 5.14 Proposed “chemokine interactome”. CXCL12 monomers signal similarly
through CXCR4 in the absence (1) angresence (3) of GAGs. However, CXCL12signals
very weakly though CXCR4 in the absence oBAGs (2) and a stronger signalling is seen in
the presence of GAGs [preliminary data] (4). Cell-surface glycosaminoglycans can induce
dimer formation of the CXCL12 . chemokine as can the sulphated N-terminal of CXCR4,
which does not result in functional chemotaxis (5).

5.4 Discussion

Analysing the binding interactionstiseeen GPCRs (CCR5 and CXCR4) and their
ligands in real-time andithout the need for labeling hugely advantageous. Not
only are these receptors the coreceptors for HIV-1 (and assessing the ability of
molecules to target the coreceptor bingdsite of gp120 woultbe possible with

such a platform), but very little isnown about how CXCL12 and the different
isoforms bind CXCR4 and about thi@e played by heparan sulphate.

We chose to use the surface plasmon bigdissay as this techniqgue has many
advantages; it allows for the isolation midrified coreceptors from their natural
environment and their immobilization faubsequent interaction analysis. The
solubilized coreceptors are not label@though tagged) and neither are their
ligands which allows the study of an isolated interaction where there is slight
possibility for non-specific binding. SP&Ilows for the generation of real-time
binding data which makes it a technique tlsatvell suited to the analysis of
binding kinetics. The association and dgaton rate constants and equilibrium
constants are all easily calculated wheramge of concentrations of the analyte
are injected over the ligand, regenergtithe surface in between injections.
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However, this technique does come withtai@ difficulties too:this assay took
almost two years of relentless optimisation of the solubilization buffer, chip
surface type and running buffer conditions.

Other techniques that are used to meashe equilibrium dissociation constants
(Kp) are often performed with labellegyéinds (Rueda, Balabanian et al. 2008)
which might change the three-dimemtal conformation of the protein and
therefore change its binding properties afithity for its recepor. In the latter
case, coreceptors are often used inrtbell-bound environment for affinity tests
and thus cell-associated glycosamiryogihs and other cebound receptors are
often present on the cell surface. SucHemles include sphingolipids, like HS,
which can be bound by CXCL12 (Sandhoffjgshaber et al. 2005). These other
molecules, in particular GAGs, can bindtte ligands and contribute to a false
positive signal of ligands binding to the receptors on the cell surface. This would
be particularly true for CXCL12which binds to a rangef different GAGs. In
other studies, proteoliposomes or ydavirions containingcXCR4 are captured
onto the biacore surface and kinetic iatdron studies are perimed with ligands
that are injected onto the proteolipase / pseudovirion surface. This approach
can also cause non-specifimding between the ligand atite large structures of
the proteoliposomes and pseudoviriofloffman, Canziani et al. 2000;
Zhukovsky, Basmaciogullari et al. 2010). Rbese reasons, nagisolubilization,
purification and stabilization of theeceptors outside of the cell / virion /
proteoliposome, is crucial to understanding their function.

Although manipulating GPCRs is a challenging task based on their
transmembrane nature, detergent/lipmhtaining cocktails have been used to
solubilize these proteins from their n&imembranes (Navratilova, Sodroski et al.
2005). We slightly modified this solubiktion cocktail and obtained reproducible
binding data for the two CXCL12 isoforms and antibodies binding to the
solubilized immobilized coreceptors.

Here we report &p of 13 + 1.6 nM for CXCL12 and CXCR4 comparable to
those obtained with either a simil&chnique or cellular systems where the
coreceptors remained indin natural environment (Di Salvo, Koch et al. 2000;
Navratilova, Dioszegi et al2006). Also for the firsttime, the affinity was
estimated for CXCL12and CXCR4 which i¥p= 0.7 = 0.3 nM. Fitting of the
curves was complicated due to the complex buffer used and the mass transport
effects created by the very high on rafdsat exceed that adiffusion) for the
CXCL12 -CXCR4 binding data. Thus, the cdlated affinities reported here
should be considered as estimates.

Using both surface plasmon resonance and flow cell cytometry we have shown
that CXCL12. binds to CXCR4 and that thist@raction is not influenced by the
presence of glycosaminoglycans, however, the CXClid4@form which has the
non-structured basic C-terminal, displagsradical reductionn binding to the
coreceptor in the presence of HP. We hypsitteethat this reduced binding is due

to the reduced binding of the basic resglurethe chemokine C-terminal with the
sulphotyrosines in the N-terminal @XCR4 due to the competition with the
sulphated oligosaccharides. This igpported by the fact that once CXCL1i3

bound to immobilized CXCR4, mAb anti-gllotyrosine can no longer recognise
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the sulphotyrosines in the N-terminafl CXCR4 as they are presumably bound
and ‘hidden’ by the chemokine biimgj the N-terminal of CXCR4.

What are the implications of thigpparent increased binding of CXCL1®
CXCR4 in the absence of GAGs and tapparent decreased binding in the
presence of GAGs? Could CXCL1de a kind of antamnist since its binds
strongly to CXCR4 although isignals poorly? Or CXCL12 could be a
chemokine that is secreted for low amalonged/sustained levels of signalling
due to its high affinity for tl cell-surface GAGs and CXCR4. CXCL1@ontains
several serine-protease cleavage sitegisinC-terminal region and it has been
speculated that (as for VEGF-A, vascukandothelial growth factor A), HS
interacting with CXCL12 protects this domain fromroteolytic attack, therefore
contributing to the prolonged immobilizamh and increased half-life of CXCL12

in tissues (Rueda, Balabanian et 2008). Following from this hypothesis, the
proteolytic attack and removaf the C-terminal from CXCL12 can also be a
mechanism for regulating CXCL1zignalling effects, through the release of the
CXCL12 -like domain. Cell-based signalling assays need to be performed to
verify the exact role and meashism of action of the CXCL12and the role
played by GAGs in vivin healthy organisms and those in disease states.

From a spatial stoichiometrjgoint of view, when CXCL12is bound to the N-
terminal of CXCR4, it mighthot reach the activation domain (embedded between
the transmembrane helices) of CXCR4 eaisithe C-terminal of the molecule is
bound tightly to the N-terminal of CXCR4. Thus in the presence of HP, the
electrostatic forces cause the bindiof) the oligosaccharide to the basic C-
Terminal and the CXCL12is ‘detached’ from the Nerminal of CXCR4 and can
reorient itself to trigger its receptor. bAddition, NMR analysis showed that the
sulphations in the N-terminal of CXCR4 cause chemical shifts in the residues
within the C-Terminal of CXCL12 and therefore the C-terminus of the
chemokine is involved in the binding tifie sulphations in the N-terminal of
CXCRA4, based on the stronger chemical shifts observed for the chemokine in
presence of the sulphated peptide@spared to the non-sulphated peptide.

The first 68 residues of CXCL12adopt a structure thas closely related to
CXCL12 . and attached to this is a highly tmstured and flexible 30 amino acid
C-Terminal as was shown by NMR (Lagusiadir et al. 2007). Bteins with such
disordered regions are believed to perform critical functions, including molecular
recognition through large and accessible raton surfaces. Thus, due to the
highly basic nature and distered state of the CXCL1Z-terminal as well as the
importance of glycosaminoglycan (GA®cognition for chemokine function, it

is no surprise that CXCL12vinds a range of GAGs (Laguri, Sadir et al. 2007).
Heparan sulphate (HS) oligosaccharides ubiquitouslydund on the cell surface
and within the extracellulamatrix (Bernfield, Gotteet al. 1999). These highly
sulphated molecules are implicated imtein regulation and they play a major
role in chemokine immobilization and the formation of haptotactic gradients of
chemokines along the cell surfaces thusvigling directional cues for migrating
cells (Campanella, Grimm et al. 2006).

The chemokine residues that are invdlve HS binding are well defined for
CXCL12 ., which include K24, K27 and R41 48ir, Baleux et al. 2001). NMR
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analysis of &°N-*C-CXCL12 /dp4 HP complex revealed two binding domains,
one on the core, which includes K24 and R41 but also includes (R20, V23, K24,
A40, R41 and N45) and another withiretdomain of the C-terminal extension
(K83 — K97) which stabilizes the complex with the GAGs (Laguri, Sadir et al.
2007).

A number of other proteins that are involved in different systems also posses
elongated, basic C-Terminal domains thatyphn important role in the proteins’
function; CCL21 is a chemokine whislignals through the CCR7 GPCR required

for the mobilization of dedritic cells to the lymphoid tissues. CCL21 possesses a
highly basic C-terminal (40 amino acidé which 12 are Lys or Arg) tail which

has been suggested to interadhviGAGs (as does that of CXCL1Rto in order

to facilitate the formation and maemance of CCL21 gradients (Hirose,
Kawashima et al. 2002). CCL21 causes random dendritic cell movement as it
triggers integrin-mediated adhesion ewhit is bound to the surface through its
GAG-binding C-Terminal domain. Dendriticell specific proteases are able to
cleave the C-Terminus of CCL21, in orderrelease a soluble fragment that can
diffuse, form gradients and provide a second nested chemotactic signal, thus
resembling the soluble CCRY7 ligand, CCL19. Schumann and colleagues propose
that HS-bound-CCL21 triggers adhesiosandom polarisation and migration of
dendritic cells, whereas sdile chemokine gradientstinduce directional bias.
Thus CCL21 has both an adhesive anthemotactic function implying that the
mode of chemokine presentation may determine the cellular response (Schumann,
Lammermann et al. 2010); this ynalso be the case for CXCL12nd CXCL12.

C-terminal extensions ewhed in basic residuesinding to DNA have been
documented in the context of DNA-bimgdj proteins. Such extended basic tails
increase the affinity for DNA and can selectively either adivatrepress gene
transcription (Crane-Robinson, Dragam al. 2006). Alsp extended basic C-
terminals have been documented in d¢ede proteins which bind to and tether
RNA for subsequent unwinding (Mallam rdeskaite et al. 2011). Thus, it is not
un-common for proteins to have unstructutesic C-terminal tails that serve to
tether anionic binding partners. Howevéhjs is the first ever documented
instance of a GAG oligosaccharide that regulates the binding of such basic C-
terminal tails in chemokirgeto their binding partners.

Tyrosine sulphation is a post-translatibmaodification of certain secreted and
membrane-bound proteins, however its dgptal role and regulation have been
unclear. Recent studies have implicateadine sulphation as a determinant of
protein-protein interaains involved in leukocyteadhesion, haemostasis and
chemokine signalling (Kehoe and Bertozzi 2000). Faetaal., showed in 1999
that the HIV-1 chemokine corecepto®CR5 and CXCR4 are tyrosine sulphated
(Farzan, Mirzabekov et al. 1999) and thahoeal of the CCR5 sulphates, either
with sodium chlorate trément or by mutation of the sulphotyrosine residues,
decreased natural chemokine ligand binding and HIV-1 infection respectively
(Farzan, Mirzabekov et al. 1999). The pontance of this sulphation to the
function of CXCR4 suggests that regulation of thisdification could be useful

in the modulation of immune function ar disease states in which chemokine
receptors participate (Farzan, Mirzabeled\al. 1999; Bannert, Craig et al. 2001).
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The sulphotyrosines found in the N-terminus of CCR5 are known to bind a
surface at the intersection between bbnielging sheet and the V3 loop in HIV-1
gpl20 to allow entry. A good electrostatic complementarity was observed
between the acidic N-terminal of CCREd the basic bridging sheet of the gp120
seen from NMR and crystallographic sttwres (Huang, Lam et al. 2007). More
recently, Veldkampet al., demonstrated that the sulphotyrosines occurring in the
N-terminal of CXCR4 interact witlprecise basic residues within CXCL12
(Veldkamp, Seibert et al. 2006; Huang, Latral. 2007; Veldkam Seibert et al.
2008). Since we have established expeni@iéy that the basic C-terminal of
CXCL12 binds both anionic heparan sulphate as well as CXCR4 — we thus
hypothesised that the threalphotyrosines present d¢ine N-terminal of CXCR4
could contribute to CXCL12recognition through the b C-terminal region.

There is a lot still to belucidated about the signaltj specificity and regulation
of function of the CXCL12 isoform. However, what is known is that the unusual,
unstructured basic C-terminal of CXCL13lisplays an enormous structural
plasticity and thus enaldethe protein to bind tonultiple partners (GAGs or
anionic residues on proteins). Another interestiagtire of CXCL12 is its
decreased motility due to its elgated basic C-terminal. Once CXCL1%
expressed and secreted from its parent teNjll move out of its original tissue
compartment at a much slower rate amtl access the citdation with much
slower kinetics (as compared to the CXCL12aform) due to its higher affinity
for GAGs. One could speculate that CXCLIX2gnalling is much more localized
than that of CXCL12 due to this slower diffusiowithin tissue. Also, depending
on the composition and extent of GAG hation levels (degnding on the cell
type, developmental stage and pathopHgsgical state of the cell (Turnbull,
Powell et al. 2001)), the CXCL12might display different degrees of kinetics in
relation to the extent of sulphation. This lemer, all still needs to be investigated.

In the presence of GAGs, CXCL12limerises (Veldkamp, Peterson et al. 2005)
and here the GAG-induced dimer can bihd CXCR4 homodimer, as suggested
by Wu et al.,in their model and by Veldkangt al., from their NMR structure of
CXCL12 . in complex with the N-terminadf CXCR4 (Veldkamp, Seibert et al.
2008; Wu, Chien et al. 2010). There is no current data as to whether a CXCL12
dimer can bind a homodimer of CXCR4aheterodimer o€XCR4 and CXCRY.

In the absence of GAGs, as has been hypothesized frorat\&l, the crystal
structure of the CXCR4 homodimer, a monomer of CXCLt2n bind to a
homodimer of CXCR4. The CXCL12could bind and activate the same CXCR4
or the CXCL12 could bind one CXCR4 monomei the homodimer with its
core region and then activate thegidiouring monomer of the homodimer with
its first two N-terminal residue#) cis. One hypothesis is that the role played by
the N-terminal of CXCR4 is to displace the GAGs that have bound to the
CXCL12 . chemokine dimer and allow for signalisation through the receptor (with
a 1:1 binding of N-terminal and chemokinklpwever, it has ken proposed that a
2:2 complex of N-terminal and chemoking a partial agonist and selective
antagonist as it can stimulate <anobilization but cannot stimulate chemotaxis
and is thus non-functional. This can be seen as a level of regulation of chemokine
signalling (VeldkampsSeibert et al. 2008).
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Heterodimers including CXCR4 can form too. Levateal., show that CXCR7
heterodimerises with CXCR4 andathCXCR7 expression impairs CXCR4-
prompted G protein activation and calcium gsnses (Levoye, Balabanian et al.
2009). CXCRY7 is phylogeneti¢alhomologous to GPCRs and it fails to activate
the inactive linked G proteins, however it does induce CXCL12eceptor
mediated cellular resporséBalabanian, Lagane et al. 2005; Naumann, Cameroni
et al. 2010). The binding of CXCL12to CXCRY7 is very controversial, as this
interaction was recently discoved ancerih are a lot of unknowns about this
binding interaction ands role in CXCL12. signalling regulation. Naumann and
colleagues described the occurrence of CXCLbihding to CXCR7 and that
CXCR7 acts as a scavenger for CXCLLZXCRY7 internalises CXCL12and
targets it for degradation (Naumann,n@aoni et al. 2010). Thus, a possible
scenario of binding could be a monomer of CXCLbhding to a heterodimer of
CXCR4 and CXCRY7, causing the intelisation and degradation of CXCL1n
order to regulate the chemotactic activity of CXCR4. The issue of CXCL12
binding a CXCR4-CXCR7 heterodimer is very interesting in terms of its
functional role for chemokine-mediated signalling and this needs to be further
investigated.

We propose a hypothesis whereby a heterodimer of CXCR4 and CXCR7 can
exist, or a homodimer of CXCR4 exists and CXCLibound to the N-Terminal

of one of the CXCR4’s in either theeterodimer or the homodimer. Once the
CXCL12 chemokine is ‘tethered’ or ‘cayred’ to one of the CXCR4's, its
elongated flexible C-Terminal allows it the mobility to bind and activate the
adjacent coreceptor, being eithee t8XCR7 or the CXCR4. CXCR7 possesses
only one tyrosine in its N-Terminal domaand the literature thus far does not
mention that this tyrosine is sulphated. Thus CXCL&8&d CXCL12 could bind

to CXCR7 in an identical way, whicls not the case as for CXCR4 (Rueda,
Balabanian et al. 2008). Therefore, CXCLIRay activate CXCR7 in a similar
way to that of CXCL12. Further experimentation is required to elucidate this
hypothesis.

For the first time, we show that sulpéd oligosaccharides differently influence
the binding of CXCL12 and CXCL12 to their cognate receptor, CXCR4 and
that this modulation may play a fundamental role in the regulation of cell
signalling, leukocyte traffickingrad activation andell migration.

The binding difference between CXCL12nd CXCL12 for their receptor,
CXCR4, is due to two important factoiy:the basic unstructured C-terminal of
CXCL12 that is not present in the CXCL1&oform allows CXCL12 to have a
higher affinity for the ii) anionic N-Terminal of CXCR4 which contains
sulphotyrosines. This has been showrstbiface plasmon resonance and NMR.
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Chapter 6: A synthetic heparan sulfate simetic
peptide conjugated to a mini CD4 displays very high
anti &IV aedctivity independently of coreceptor usage
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Une thérapie anti-rétrovirale méme trés active (ARV) ne peut pas éradiquer
completement le virus VIH-1, ce qukm@ique pourquoi de nouvelles stratégies
thérapeutiques, tels que les inhibiteurs de I'entrée virale sont nécessaires. L'entrée
du VIH-1 est un processus complexe, qui offre de multiples sites a cibler pour
I'intervention thérapeutique. Parmi eus, surface de liae du corécepteur -
gpl120, qui est hautement conservée damsnombreusesosches VIH-1, est
particulierement attrayante. Cette région devient toutefois exposée, et donc
sensible a l'inhibition, seulement de dactransitoire et dans un espace restreint
stériqguement, lorsque virus a déja éte lié par sarface des cellules CD4 et que

le processus d'entrée est largement engagé. Une molécule hybride (mgp4-HS
constituée d'un peptide mimétique@p4 couplé a un dodécasaccharide héparane
sulfate synthétique (H9 est capable d’empécher a la fois l'attachement et
I'entrée du VIH-1 R5 et X4 avec uns{Cl-5 nM dans un test en culture cellulaire
(Baleux, Loureiro-Morais et aR009). Cette activité edtie a la formation induite

du domaine de liaison sur le coréceptearlgigroupement mCD4 de la molécule,
suivie par l'interaction de forte affinité de I'HSanionique avec le corécepteur.

Les HS sont extrémement complexes dans la nature et leur complexité découle du
nombre et de la position des groupes seffdé long de la @ine. Ainsi les sites
exacts de contact entre la molécule sulfatée d’HS et la gpd@8ssitent d’étre
étudiés pour pouvoir créer une interaction @pscifique et de plus forte affinité.

Afin de realiser ceci, nous avons d'abord développé et validé une plateforme
utilisant la technologie ddsocapteurs SPR dans ladle des ligands de gpl120, y
compris les CD4, HS, les anticorps etémepteurs solubilisés (CCR5 et CXCR4)
sont immobilisés a la surface de la sensorchip, (dans un environnement lipide /
détergent pour les co-récepteurs). Nous pouvons mesurer directement en solution
et en temps réel les interactions likson entre la gpl20 ou des complexes
gp120-CD4 avec les récepteurs mentionnétessus dans un environnement sans
étiquette. Ensuite, la plate-forme a été utilisée pour le criblage de banques de
sucres basées sur des molécules H®réifitment sulfatée et autres composés
naturels mimant les HS. Compte tenu de ces approches, nous avons également
concgu une série de tridécapeptides «S(XRX¥S)nitant la dodécameére héparane
sulfate qui a déja étmontré pour cibler le sitde liaison de la gpl120 au
corécepteur. Nous avons montré que l'un de ces composés (ou X est une
sulfotyrosine), lorsqu’il est lié déacon covalente a un mini-CD4 (mCDA4-
P3YSQ) inhibe la liaison des gp120 qu’il sdk5 ou X4-tropique, aux molécules
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suivantes : CD4, des anticorps dirigésitte le domaine CD4-induit, et CCR5 ou
CXCR4. L'analyse de liaison est envdar d'un mécanisme bivalent ou le
fragment mCD4 se lie d'abord, provoqubmtiverture du site pour le corécepteur
puis un fort blocage ultérieur par le &whpeptide. Le conjugué a été beaucoup
plus efficace qu’'un mélange de mCD4 @écapeptide isolés, ce qui indique que

la liaison covalente egssentielle pour produire uffet synergique. Cela suggeére

un concept par lequel une molécule de spécificité relativement faible (le peptide
sulfaté), couplé a un composé hautensgrécifique (le mCD4peut atteindre des
affinités trés élevées pour sa cible. Ce composé cible donc avec succés deux
domaines critiques et hautement consem@ns la gp120 de maniére corécepteur
indépendante. Dans des cudtsi de cellules sanguinesnhibe la réplication de
souches de VIH-1 adaptées au laboratoire Ba-L (tropisme R5) et LAI (tropisme
X4), (pour laquelle il n'existe aucun inhibiteur antagoniste efficace avgc IC
aussi bas que 1 nM. Le mCD4-P3YsSs@hibe également I'entrée du virus
primaire (sous-type A, B et C).
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6.2 Preface

As shown in Chapter 5, the interaction system with solubilized coreceptors has
been setup and validated with tsudy of the CXCL12 isoforms. Once the
coreceptors are solubilized, they retéweir functionality wken immobilized on

the biacore surface and kinetic information can be obtained between the
coreceptors and the chemokine isoforms which corresponds to affinity data
obtained in cell-basedssays. We thus were confidémat the coreceptor surfaces
would be functional and regdo be used in the assdo screen HIV-1 entry
inhibitors.

Navratilovaet al., have set-up a similar techngjuvhereby CCR5 coreceptors are
solubilized and they demonstrate CCRflizing envelopes binding to the
immobilized CCR5 coreceptors (Navratih, Sodroski et al2005; Navratilova,
Dioszegi et al. 2006). However, antamction betweenCXCR4 utilizing
envelopes and surface captured isolated CXCR4 has never been reported.

6.3 Introduction and Preliminary approach

Almost 30 years after the discovery of human immufiogacy virus — 1 (HIV-

1), 33 million people globally are infected which 68% reside in Sub-Saharan
Africa, and there is still no cure. However, the virusnt eradicated and
treatment interruption does occur whighthe cause of the outgrowth of drug-
resistant viruses. In addition to treatrhadherence issues, the long-term adverse
side-effects as well as @hexorbitant financial burde of these therapies are
counteractive forces espeltyain developing countriesvhere the epidemics are
the worst (UNAIDS 2011).

Targeting HIV-1 entry has recently attrattte lot of attention with already two
drugs approved and licensed by theod and drug administration (FDA);
Enfuvirtide [fuzeon] (Matthews, Salget al. 2004) and Maraviroc [Selzentry]
(Dorr, Westby et al. 2005). This stage thie viral life-cycle is particularly
attractive as when the viral envelof@v) approaches the target CD#cell, the
primary receptor is engaged (CD4) (Klatzmann, Champagne et al. 1984) and a
series of conformational changes ocaurenv which expose/create the cryptic
coreceptor binding domain, which is briefly exposed before docking onto either
coreceptor (CCR5 or CXCR4) (Alkhatib, @badiere et all996; Feng, Broder et

al. 1996). This cryptic domain is composed of a four-strandgkeet, referred to

as the CD4-induced domain (CD4i) and in conjunction with the V3 loop, they
play vital roles in corecept binding (Rizzuto, Wyatét al. 1998; Hartley, Klasse

et al. 2005).

In the early stages of infection, HIV-s transmitted by CCRS5-utilizing viruses
(R5) which infect macrophages, howeveas the disease progresses and the
immune system is further compromised, more virulent variants emerge which are
CXCR4-utilizing viruses (X4 or R5X4) thanfect T-cells (Connor, Sheridan et al.
1997). Before HIV-1 engages the host £Bnd coreceptor molecules, GAGs
concentrate the virus on the cell surfacd aid to sequester and concentrate the
virus near its receptors (Roderiqueza@cz et al. 1995; Mondor, Ugolini et al.
1998). Recently, a phenomenal study has shown that when a synthetic 12mer
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GAG oligosaccharide is covalently linkéal a CD4 mimetic peptide (mCD4), the
mCD4 binds to env, triggering the conformational chamgeessary texpose the
CD4i which then permits the covalenttached 12mer GAG to bind the CDA4i
pocket and effectively block both RH:d X4 HIV-1 entry with nM activity
(Baleux, Loureiro-Morais et al. 2009). This dodecasaccharide is fully sulphated
(18 sulphates) and is extremely difficalhd complex to synthesize. In order to
perform structure-functional analysedagege quantity of known sequence would
be required, thus synthesizitige GAG fragment is almost impossible.

Glycosaminoglycans are extremely complmolecules; their basic unit is a
disaccharide of which there are 48 diffgr@ariations (depending on sulphation
modifications and COOepimerisations etc.). Thus if we were to calculate the
number of different variatns for a 12mer, we would reach up to over 10 billion
possible sequences, a staggering degrgargdtion on which its thus impossible

to perform structure-function analystSne approach to screen for a;bt&er with

the optimal sulphation sequence requifed CD4i binding and entry inhibition,
would be to screen a baokdifferently sulphated Hgmers.

6.3.1 Generation of an HS2 differently sulphate Library

Heparin (HP) dodecasaccharides were prepared by R.Sadir as previously
described (Sadir, Baleux et al. 2001).efly, porcine mucosal HP (10g) was
depolymerized with heparinase | and thgested mixture was resolved from di-
(dp2) to octa-(dp18) decasaccharide on a Bio-Gel P-10 column. The eluted
material was detected by absorbency at 232 nm and dp2 up until dpl2 were
further purified by strong anion-exchang®LC, dialyzed againglistilled water,

and quantified either by a coimetric assay or weighed.

The inhibitory action othe oligosacchariddomain of the mCD4-HS molecule
needed to be further studied and optimised in order to improve its specificity and
affinity. For this purpose, we prepared an ;H$lerived molecular library
(containing 12 initialsub-populations of diffently sulphated HSmers). This

was obtained by fractionating the HP{@decasaccharide) fraction (obtained
from the above mentioned depolymerig#fd fractionation) under a stong anionic
gradient on the HPLCH{gure 6.1A) .The sub-populations were grouped into 12
larger sub-populations, ith each group containing HS molecules with
presumably similar overall charges, howegwvithin each sub-population there are
many different species widin unequal organisation of sulphate molecules.

This process is also very time consaogiand a low level opurity of each sub-
population of Hg, is obtained due to the highly complex and heterogeneous
nature of heparan sulphate. A hmgeneous population would be almost
impossible to obtainHigure 6.}, therefore, this techgue was determined to be
too difficult and unable tesolate a significant amount of a pure molecule.

For this reason, it is highly advantags to use peptide GAG-mimetics, As a
result, our collaboratorbave synthesized HS mimetics that possess carboxyl,
hydroxyl and sulphate groups, which manthose found on an oligosaccharide.
These GAG mimetics were also screened for their inhibitory capacity of the
gp120-CD4—coreceptor interaction, usitige recently set-up and optimised
interaction system on the SPR platform.
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Figure 6.1 A Typical HPLC elution profile of HS;, showing absorbance at 232nm as a
function of time (min) and B a histogram corresponding to the quantities (in mg) of each
separated HS; library fraction.

R5 viruses enter their taggcells through the recoigion and binding of the N —
terminus and the secondtecellular loop (ECL) of CCRBRucker, Samson et al.
1996; Farzan, Choe et al. 1998; Cam Persuh et al. 2000). Huang et al.,
showed that two sulphated tyrosines (atifpmss 10 and 14) in the N-terminus of
CCRS5 interact within a binding pocket on gp120 formed between the base of the
V3 loop and the bridging sheet (Huarlggm et al. 2007) and salt bridges are
made with basic residues in this pockigterestingly, sulphotyrosines are also
found in the N-terminal of CXCR4, as well as in the heavy chdth 3
complementary determining region & H3) of CD4i HIV-1 neutralizing
monoclonal antibodies 412a@ E51 (Choe, Li et al. 200Bluang, Venturi et al.
2004). Thus, tyrosine sulphation is a pwatislational modification that plays a
critical role in protein-protein interacts and nature has managed to mimic these
modifications in order to atterhjpo inhibit certain viruses.

We thus hypothesized, that due to the thet peptide synthesis is much simpler
compared to glycosaminoglycan syntlse@oractically spdang), and a peptide
would be much more amenable to stanetfunction analysis due to its known and
homogenous sequences, we produced pgptides (13 amino acids in length)
each conjugated to mCD4 and containing amino acids that mimic theQOQID
and SOZ residues found in GAGs. The pepticentaining 6 sulphated tyrosines
not only mimics the sulphate residues in GAGs but also mimics those found in the
N-terminal of both CCR5 and CXCRA4.i8e the neutralizing antibodies (E51 and
412d) are induced in patients againsé t8D4i, their existence proves that
targeting the cryptic CD4i & with peptides containing sulphotyrosines is a valid
strategy for HIV-1 inhibition (DeVico2007). Additionally, peptides are more
likely to access the small cryptic CD4ite, compared to large cumbersome
antibodies. The following base sequenwas used for peptide synthesis:
S(XDXS)n where X stands for the diffeteamino acids and n = 3 (the total
length equivalent to #t of a GAG 12mer). Peptide PY3 (where X = non-
sulphated tyrosine), P3YS(Qwhere X = sulphotyrosine), P3Asu (where X =
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aminosuberic acid), P3pF (where Xp=carboxymethyl phenylalanine) and E13
(where the entire length is glutamiecid — a non-specific polyanion) were
synthesized by our collaborators.

In order to test the inhibitory capacity these peptide GAG-mimetic inhibitors,
we aimed to assess their capacityinbibit gp120-CD4 from binding to the
solubilized immobilized caceptors (CCR5 and CXCR4). The optimization of the
surface plasmon resonance (SPR) techlmiquhereby solubilized coreceptors
were immobilized on a sensorchip and iatgions between their binding ligands
were monitored in a complex buffer, was performed as described in Chapter 5 for
CXCR4, and was developed for CCR5 as described in this Chapter. Thus, we used
this technique to screen the differenppees for their cagcity to inhibit gp120
(either commercial MN [X4] or YU2 [R3]-CD4 complexes from binding to their
respective coreceptors, CXCR4 or CCR¥&e report affinities of the gp120-CD4
complexes for their respéat coreceptors that equal those reported in other
studies using either similar or celldsl and proteoliposome-based techniques
(Doranz, Orsini et al1999; Babcock, Mirzabekoet al. 2001; Navratilova,
Sodroski et al. 2005). The sulphotyrosgmntaining peptide conjugated to mCD4
(mCD4-RYSO;) demonstrated the highesuccess in inliting gpl120-CD4
complexes from binding to the coreceptansl avas thus further evaluated in viral
entry inhibition using peripheral bloodamonuclear cell infection assays. This
molecule inhibits both R5nal X4 viruses with nM activitynd is not toxic for the
cells up to 1uM, unlike most curre@CR5 and CXCR4 antagonists. This novel
entry inhibitor targets the nis and not the host; thusrleer reducing the risk for
host-toxicity issues.

6.4 Results

We aimed to asses whether the solabdi coreceptors (CCR5 and CXCR4) were
capable of recognising their gp120 ligamdsn immunoprecipitation experiment.
Here, protein G sepharose beads wergpted to the 1D4 antibody which binds to

the C9 tag at the C-terminal of CCR5/CXCR4 and purified it from the mass of
solubilized membrane proteins.Ligands (gpl120, antibodies) were
immunoprecipitated by the bound coreceptors in the absence and presence of
various inhibitors. The presence tfe ligands was determined by antibody
binding and western blot. Theexperiments were notffigiently conclusive and

would required futher optimization, waus directly used the SPR approach as
described on chapter 5.

6.4.1 Surface Plasmon Resonance Screening platform

We thus commenced the screening psesc of the various inhibitors (HS
fractionated library and peptide GA@imetics) over the following surfaces
prepared on the biacore: 17b, biotinghtHS, mCD4 / full length CD4 or
solubilized CCR5 / CXCR4HKigure 6.3. For all the surfaces, except that of the
solubilized coreceptors, a surface preparwith streptavidin served as the
negative surface foreseen for background binding subtraction. In the case for the
GPCR surfacedHgure 6.2 scenario D), the 1D4 antibody served as the negative
surface. Since 17b has been used by many previous studies as a surrogate
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coreceptor, we included a 17b surfaceum screening assaylsowever this mAb

only partially covers the ¢ine coreceptor binding aaain. The coreceptor binding
site is constituted not only by the bridging sheet but also by the V3 loop (Dragic
2001; Baleux, Loureiro-Moraiet al. 2009; Dervillez, Klaulkin et al. 2010) and it

is for this reason that we decided tse native solubitied coreceptors to
immobilize on the biacore surface for our binding studies.

Figure 6.2 Schematic representing the fourdifferent scenarios which were used when
screening the various entry inhibitor moleculesScenario A, B and C use streptavidin as a
reference surface and scenario uses 1D4. Sceioar A has 17b as the test surface, B has
biotinylated Heparan Sulphate (HSb), C haseither full length CD4 or mCD4 and D has
either CCR5 or CXCR4 solubilized coreceptors. For scenario Ceither mCD4 or full length
CD4 was immobilized and will be indicated in the text.

Throughout the experiments, laboratory adapted and expressed gpl20 MN
(CXCR4 utilizing envelope) and pramy isolate gpl20 YU2 (CCR5 utilizing
envelope) were used when screenfog molecules that inhibited gp120-CD4
from binding to the immobilized corecepgo Before any inhibitory molecules
were screened, conformationally dependent monoclonal antibodies (12G5, 4G10
and 2D7, N-terminal antibody) were injecteder the immobilied coreceptors to
detect whether or not they recognigbdir respective cooeptors (CXCR4 and
CCR5) (Figure 6.8 Together with the binding studies described in Chapter 5
between CXCL12 and CXCR4, we wereryweconfident thatour solubilized
coreceptors were functional and suitable for the screening studies for the entry
inhibitors.
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Figure 6.3 Binding of conformational sensitive (12G5 and 2D7) and non structural
dependant antibodies (4G10 and 45502) tm solubilized CXCR4 (A) and CCR5 (B)
respectively immobilized onto CD4 sensor chipghrough the high affinity interaction with
1D4. Cartoon diagrams represent the different coreceptors immobilized on the sensor chip
surface.

6.4.2 A synthetic heparan sulfate amimetic  peptide
conjugated to a mini CD4 displays very high anti &IV &

activity independently of coreceptor usage

This part of the thesis work has beatcepted for publicatioand thus will be
inserted here as a ‘manuscript’.
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SUMMARY

The HIV-1 envelope gpl120, which featurestbdthe virus receptor (CD4) and coreceptor
(CCR5/CXCR4) binding sites, offers multipldées for therapeutic intervention. However the
latter becomes exposed, thusnearable to inhibition, only émsiently when the virus has
already bound cellufaCD4. To pierce this defense mecisam we engineered a series of
heparan sulfate mimicking tridecapeptides ahdwed that one of them target the gp120
coreceptor binding site with uM affinity. Covaltty linked to a CD4-mimetic which binds to
gp120 and renders the coreceptor binding domain available to be targeted, the conjugated
tridecapeptide now displays nM affinity for it@rget. Using solubilized coreceptors captured

on top of sensorchip we shdhat it inhibits gp120 bindintp both CCR5 and CXCR4 and in
peripheral blood mononuclear ksebroadly inhibits HIV1 replication with an 16 of 1 nM.

Highlights:

X The HIV coreceptors, CCR5 and CXCR4, winectionally captured on sensor surfaces
x Heparan sulfate mimetic peptides S(XDX&)rget the gp120 coreceptor binding site
x Covalently linked to a CD4 mimetic théjyock gp120 binding to both CCR5 and CXCR4

A mCD4-S(XDXS} conjugate inhibits HI\feplication with an 16, of 1 nM

120



INTRODUCTION

Although tremendous progress has been madeeiéivelopment of antiviral drugs to treat
human immunodeficiency virus (HIV-1) ftion (De Clercq 2007) and despite the
availability of some 25 @proved antiretroviral compounds (most of which target HIV-1
enzymes) the virus continues to be a major concern and remains one of the leading causes of
death worldwide. The rapid emergence of drugstaest viral strains, the inability of current
therapy to completely eradicate the virus areldtrong adverse side effects associated with
their long-term use (Shafer and Schapiro 2G&@8hpromise treatment in patients benefiting
from these therapies, and make the devetognof new therapeutic options of utmost
importance (Flexner 2007). Inhibition of HIV-entry, a process based on the sequential
interaction of the viral glycoprotein (gpl2Qyith the cell surface CD4 (Klatzmann,
Champagne et al. 1984) and either ondghef two chemokine receptors CCR5 or CXCR4
(Alkhatib, Combadiere et al. 1996; Feng, Broéeral. 1996), holds particular promise in
addressing complications of current thpraand has become a compelling target for
controlling viral replication (Tilton and Dom8010). The recent approval of maraviroc, a
CCR5 antagonist (Maeda, Nakata et al. 2004; Dorr, Westby et al. 2005), has validated entry
inhibition as a viable approach. However,aweoid the selection opre-existing and more
pathogenic CXCR4-using HIV-1 (for which ndfextive antagonisticnhibitors yé exist)
maraviroc has been licensed for the treatnanpatients infected wh viral strains using

CCR5 only.

On the virus side, the gp120 cdnges the central element folt alteractive eents occurring

during the pre-entry steps. A wealth ofidance has shown that gp120 binding to CD4 not
only permits virus attachment, but also triggextensive conformational changes of the
envelope that fold andf expose a four-strandedsheet, known as the CD4-induced (CD4i)

domain (Wu, Gerard et al. 1996). Beingicatly involved in CCR5/CXCR4 recognition and
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highly conserved, this domain represents ainactive pharmacological target. Although
inhibition of protein—proti& interactions is clearly challemg, a striking feature of the CD4i
domain is its basic natui&wong, Wyatt et al. 1998; Rizzuto, Wyatt et al. 1998) and, not
surprisingly, many of this domain’s ligandse characteristically acidic. This includes
peptides selected by phage display screeridervillez, Klaukien et al. 2010), sulfated
oligosaccharides from the heparan sulfate (F®)ily (Vives, Imberty et al. 2005; Crublet,
Andrieu et al. 2008), aptamers (Cohen, Forzan et al. 2008), peptides derived from neutralizing
antibodies (Dorfman, Moore etl. 2006), compounds issued from in silisoreening of
molecular libraries (Acharya, ayo-Isonagie et al.) or peptiddgrived from the N-terminal
sequence of CCRS5 itself which comprise swyifosines importantly contributing to gp120
binding (Cormier, Persuh et al. 2000; Farzan, V@asdliet al. 2000). The cryptic nature of this
CD4i surface prior toCD4 binding however limits its acssibility both temporally and
spatially, and makes it a relatively intractalplearmacological target. In that context, we
recently developed a new class of compounds, in which a CD4 mimetic peptide (mCD4) was
linked to a HS dodecasaccharide {fJSand showed that mCDédxposed the gp120 CD4i
domain and renders it avdile to be blocked by the HSoligosaccharide (Baleux, Loureiro-

Morais et al. 2009).

Here, to further develop this concept we epgied a series of tridecapeptides that mimic HS,
the synthesis of which, although amenabldarge scale production, remains extraordinary
complex (Dilhas, Lucas et al. 2008). We then set up a binding assay in which detergent
solubilized CCR5 and CXCR4 welmth functionally capturedn top of sensorchips and
used them to show that, conjugated to a 1@iDA, a HS mimicking peptide efficiently targets

the CD4i domain of gp120 and blocks itseiraction with the coreceptors. This compound
displays antiviral activity against LAl and Ba-L HIV strains with agol&s low as 1 nM, two

to four orders of magnitude lower tharetlabove described anionic compounds. To our
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knowledge this is the most potent gpl20 targeting molecule, wéthutiique property to
simultaneously block two critical and consed regions of gp120. Importantly it inhibits
CCR5 and CXCRA4 using viruses equally well, aalso highly activeagainst a number of

viral primary clinical isolates. These réisushould have strong implications for the

development of a new anti-HIV-1 therapy.
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RESULTS

HIV-1 coreceptors immobilisation and gp120 binding

Assessing the ability of molecules to tardbe coreceptor binding site of gp120 would
strongly benefit from a direct coreceptor-gpliB@eraction assay. To that end, both HIV-1
coreceptors were solubilized from Cf2Thllserecombinantly expressing either CCR5 or
CXCR4, using a specific cocktail of lipids and detergents that was adapted from that
previously described (Navréiva, Sodroski et al. 2005). bbilized coreceptors, which
feature a C-terminal C9 tag (Mirzabekov, Bamret al. 1999; Babcock, Mirzabekov et al.
2001) allowing their oriented capture withetkognate 1D4 antibody, were immobilized on
top of a sensorchip to aviel of ~ 4000 resonance units YR To verify whether the
coreceptors remained functional we first istrigated their binding capacity with the
conformationally sensitive mAb 2D7 for CCR5 (Lee, Sharron et al. 1999; Khurana, Kennedy
et al. 2005) and 12G5 for CXCR4 (Baribaud, Edwards et al. 28813hown in Figure 1AB,
injection of these mAbs over the CCR5 and@R4 functionalized suates gave rise to
strong and coreceptor specific binding signals indicating both the presence of the coreceptor

on the surface, and the integrdf/the corresponding epitopes.

Following this, we analyzed whether tiramobilized coreceptors bound gp120, in a CD4
dependant manner. For that purpose, 100 nMithier YU2 or MN (R5 and X4 envelopes
respectively), in the absence or presewmtemCD4, a CD4 mimeti peptide that was
previously found to bind gpl2@nd induce the conformationahange that lead to the
folding/exposure of the coreceptor binding gBaleux, Loureiro-Morais et al. 2009), were
injected over the coreceptor surfaces. Betivelopes interacted thi their coreceptors,

presumably because the CD4i epitope angrently exposed on the dynamic structure of
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gpl120, as already observed with anti-CD4i antibodies (Thali, Moore et al. 1993). The binding
responses, however, were significantly enleanby the presence of mCD4, and efficiently
inhibited by 1 uM of maraviroc or AMD310(@Figure 1CD), two compounds targeting CCR5
and CXCRA4 respectively, and having anti-Hl\activity (Tilton aad Doms 2010). Next, dose
response experiments were performed wittDA@p120 ratios fixed dt:1, and injected over

the immobilized CCR5 or CXCR4 surfaces. S¥gsams were obtaidefor both envelopes
(Figure 1EF), which evaluationgsee supplemental experimental procedures) returned
estimated affinities of 11.5 £ 2.9 nM and 154 + 68 nM for CCR5 and CXCR4 respectively.
These values were identical to that reportedatsymilar technique (Nawstilova, Sodroski et

al. 2005) or radioligand binding assay withlgeémbrane-embedded CCR5 (Doranz, Baik et

al. 1999) as to that reported for CXCR4, using proteoliposome embedded coreceptors and

radiolabelled gp120 (Babcock, Mirzabekov et al. 2001).

We previously reported thatelgp120 CD4i epitope can be targd by HS (Vives, Imberty et
al. 2005; Crublet, Andrieu et al. 2008), and tadS dodecasaccharide covalently linked to
mCD4 (mCD4-H%,) binds gpl120 and blocks its sufjgent interactn with mAb 17b
(Baleux, Loureiro-Morais et aR009). MAb 17b belongs to a group known as “anti-CD4i”
antibodies, which recognizes a conservezineint of gp120, induced by CD4 and partially
overlapping the coreceptor binding site (XianggkB et al. 2002). We thus made use of the
coreceptor binding assay described abtvenvestigate whether mCD4-HSwould also
inhibit gp120 binding to CCR5 and CXCR4. Akown in Figure 1GH, both YU2 and MN
gp120 in complex with mCD4-Hgfeatured a strongly reduced ability to recognize CCR5 or
CXCR4 compared to that of gp120 in complex with mCD4 alone. This suggests that such
molecules could serve as lead compounds fofutwee development of a new class of entry

inhibitors.
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Chemical synthesis of mCD4inked HS mimetic peptides

HS are however notoriously difilt to synthesizeln addition, their inherent sequence
heterogeneity, in terms of sulfation pattard saccharide compositiompuld currently make

the preparation of a dodecamer seriesadutach. Thus, based on the mCD4:H8Smplate,

we tested the hypothesis that the HS moayld be mimicked by peptides, the chemical
synthesis of which is more straightforward, and more easily amenable to sequence-activity
relationship investigation. To display tlenctional hydroxyl, carboxXyand sulfate groups

that characterize HS, peptides comprising Ser, Asp, and Tyr, the latter being possibly sulfated,
were considered. This strategy is supported by the observation that a SYDY tetrapeptide binds
to the HS binding domain of the vascular etheétial growth factorf(Maynard and Hubbell

2005) and that phage display screeningsirey the CD4i epitope of gpl20 returned
sequences enriched in YD motifs (Dervillez, ltgen et al. 2010). It is also worth noting that

a number of antibodies against the gp120 corecdphding domains fgure sulfotyrosines

in their paratope, as does the N-terminubath CCR5 and CXCR4 (Choe, Li et al. 2003).

Building of a S(XDXS) sequence (were X stands for di#nt possible amino acids - see
below) using the peptide buildef Hyperchem 5, showed that a 13 amino acid peptide (n =
3), in its extended configurationM \ andeZ angles set to 180 °) would have a length
equivalent to the HS 12 mer (data not shpwlhus a tridecapeptide, alternating OH/COO
and OH/S@ groups, having the sequence:sa¥Y s03SYsoPY s03S YsoP Y soS (X being

in this case a sulfotyrosine; s¥9 was first synthesized (P3Y30O The non sulfated
equivalent (P3Y) was also prepared along veithumber of other peptides in which X was
replaced by p-carboxymethyl phenylalanin€3dP) or aminosuberic acid (P3Asu), two
residues that have been shown to functionaligic sulfotyrosine in cholecystokinin type B
receptor ligand CCK8 (McCort-Tranchepain, Fak et al. 1992) and sulfakinins (Nachman,

Vercammen et al. 2005). A tridecaglutamétissplaying 13 carboxylic groups) was also
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prepared (E13) as a non specific poly anigmeptide (Figure 2). In order to maintain an
appropriate distance between mCD4 and thepédes, enabling the final molecule to reach
both the CD4 and coreceptbinding sites, alaminobutyric acid gAbu) was intoduced on

their N-terminus. These peptides were derivatized with S-acetyltpmmic acid to allow

the coupling to Ly3of a maleimide-activated mCD4llAompounds were purified to a level
of 95% by RP-HPLC (see Tabl&l and Figures S1, S2)rdrolled by mass spectrometry
and quantified by amino acid analysis as dbed in the supplemental experimental

procedures.

mCD4 linked HS mimetic peptides inhibt binding of gp120 to CD4, mAb 17b and

coreceptors

To verify that peptide conjugation did not peew the ability of mCD4 to interact with gp120,

a competition assay was performed, in which YU2 or MN were incubated with the different
mCD4 conjugates and injected over a CD4 fiomalized surface. Reks showed that the
mCD4-conjugates all very efficiently prevegpl20-CD4 interactionwith greater potency
than that of unconjugated mC@Rigure 3AB). Next, the capacityf the anionic peptides to
target the gp120 CD4i epitope was investigatgdanalyzing their ability to prevent gp120
binding to mAb 17b, in the presence of siéumCD4. While unlignded gpl120 was not
(MN) or only poorly (YU2) recognized by mAb7b (Figure 3 CD; blue trace), preincubation
with mCD4 strongly promotebinding (black trace). Whethe gp120-mCD4 complexes were
further incubated with 5 uM of the abovestdebed tridecapeptides, strong inhibition was
observed for P3YS©(green trace). The tridecaglutate (E13) was devoid of activity,
indicating that the anioaicharacter of the pepéds not sufficient t@rovide binding, as were

the unsulfated P3Y or the sequence in which the sulfotyrosine mimetics (pF and Asu) were

introduced (Figure 3CD; black traces). H8ed trace) also fullyplocked mAb17b binding to
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MN-, but not to YU2- gp120. Together, this showed that amongst the different peptides
investigated only the S%DY soz motif competes with mAKX7b to interact with the gp120
CD4i domain. To better quantifjne inhibitory activity of this peptide, the same assay was
run, with a range of P3YSOconcentrations, and compared with HSA similar
concentration dependency was observed on both R5 (YU2) and X4 (MN) envelopes, with
IC50 Oof 2.9 and 3.1 pM respectively dicating that, inteestingly, P3YS@ interacts with
gpl120 independently of coreceptor tropism. In contrast;, Hrongly inhibited the
interaction between MN and mAb 17b (with a concentraéienlow as 0.5 pM) but was
ineffective towards YU2, at concentrationstoglO puM (Figure 3EF). Next, to determine the
binding mechanism of the mCD4-S(XDXS)onstructs, X4- and R5- gpl20 were
immobilized on a sensorchip and first alled to bind to mCD4, mCD4-P3Y or mCD4-
P3YSQ. The resulting complexes were thermlped with mAb 17b, the binding of which
being a marker of the coreceptor binding siteessibility. As expected, mCD4 binding to
gp120 renders the coreceptor binding site accesslpoint that was also observed, although
with a lower efficiency, with mCD4-P3Y. These data indicate that while mCD4-P3Y bound
to gp120, the unsulfated peptide did not sufficiemtgract with the nsly available surface

to block mAb 17b recognition. In contrast, when mCD4-P3Y&@s used instead of mCD4

or mCD4-P3Y, the mAb 17b was no longer ablanti@ract with thecomplex. Altogether,
these data thus support the view that mCD4 first binds to gp120 and exposes the coreceptor
binding site, with which the P3YSOmoiety then interactstrongly enough to prevent
antibody binding (Figure 3GH). Finally, usingethlirect gp120-coreceapt interaction assay
described in Figure 1, we alsemonstrated that mCD4-P3Y&@ery potently inhibits gp120
binding to both CCR5 and CXCR#igure 31J). This suggestisat this compound could be a

coreceptor independent HIV-1 entry inhibitor.
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mCD4 linked P3YSQ; peptides display strong antiviral activity

Having characterized the binding mechanisnth&fse compounds, we investigated whether
these anionic peptides, either conjugated éortmanCD4 displayed anti-HIV-1 activity. This
was performed using an assay in which viral replication was measured (reverse transcriptase
quantification) in the supeatant of blasted peripheraldad mononuclear cells (PBMC)
isolated from three to four donors, and infecbgdeither of the HIV-1 reference strains R5
(Ba-L) or X4 (LAI). When used alone, nonetbk peptides demonstratedtiviral activity at
the highest concentration tested (500 nM; dat& shown). Howevenvhen conjugated to
mCD4, they displayed inhibitory activity agairtee LAI strain, with effective doses giving
50% inhibition (ER) as low as 0.5 nM for mCD4-P3Y 3Qvhich compares well to 1.4 nM
for mCD4-HS,. Consistently with the biochemicaltdathe importance of the sulfate groups
was shown by the large increase ofsE[®8 nM) that characterized mCD4-P3Y, while the
other anionic peptides (mMCCHE3pF, mCD4-P3Asu and mCD4tB) displayed 8.2 to 30 nM
EDso (Figure 4A). The Ba-L strain was alsery strongly inhibited by mCD4-P3Y SQwith

an EDy of 1.3 nM, versus 18 nM for mCD4-hS None of the otheconjugates displayed
significant antiviral activity (Figure 4B). AZTysed as a reference anti-HIV molecule in the

same assay returned Ef 8.7 and 11 nM for R5 and X4 viruses respectively (Figure 4AB).

We also observed that mCD4-P3Ys5@bes not need to be preibated with the virus to be
active. Indeed, addition of the molecule eithethim cells, prior to the viral challenge or to the
virus prior to the cell infeatin return, identical mlts (supplementary liee S2). This is
consistent with the high affinity this moldeudisplays for the viral envelope, presumably
enabling a fast binding to itearget, and also suggests agmital use of this kind of
compounds as a microbicide, a condition in whiohibitors are present within the host

tissues, before viral infection.

129






DISCUSSION

Targeting gp120 for HIV-1 inhibition is both atitive (because the protein engages multiple
interactions key to viral entry, thus offering ltple sites for inhibition) and challenging (in

the entry complex, the budesurface to block com@es both the gpl120-CD4 and gpl20-
coreceptor interfaces). Althoughgbein-protein interfaces areteh relatively featureless and
devoid of traditional cavities into which a alhmolecule can dock, the realization that the
gp120 coreceptor binding site displays a restricted number of functionally important basic
residues has very recently attracted the attemtionany studies. Many of them reported that
anionic molecules target the CD4i epitopeshswn by their ability to competitively inhibit
mAb 17b binding with 1G in the 1-100 uM range (Cormier, Persuh et al. 2000; Farzan,
Vasilieva et al. 2000; Cohen, an et al. 2008; Crublet, Andueet al. 2008; Brower, Schon

et al. 2009; Dervillez, Klaukiert al. 2010; Seitz, Rusert et al. 2010; Acharya, Dogo-Isonagie
et al.; Kwong, Dorfman et al. 2011). HS belorigsthis class of CD4i domain targeting
molecules (Crublet, Andriewet al. 2008), and a highly léated and regular sequence
comprising 12 monosaccharide units has been recently prepared. Conjugated to mCD4, it
displays strong anti-HIV-1 activity (Baleux, Loureiro-Morais et al. 2009). However, HS is
extraordinary complex and heterogeneouseaiquence (Esko and Lindahl 2001). Based on the
48 different units that the polymer theoreliga@omprises, a 12 mer library would reach®.0
molecules. Although the reality is less (all tanbinations are not possible), it remains much
more than can be realistically synthesizedsfioucture-activity relationship studies. Thus, to
further develop this kind of molecule we attempted to design HS mimetic peptides, with the
general sequence S(XDXSand showed that when X was a sulfotyrosine, it binds to the
CDd4i epitope, blocking mAb 17b with kgof 3 uM, thus comparing very well with the above
mentioned molecules. Interestingly, this peé@tnteracts equally well with R5 and X4 gp120,
while HS especially binds to the X4 etwee (Figure 3EF). More importantly, the
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conjugation of this peptide to mCD4 dramcally enhances its binding activity, the
conjugated molecule being able to fullyepent the gp120/mAb 17b imction at low nM
concentration, showing that the covalent linkawgguced a strong synasgjc effect. This is
consistent with the view that high affinimCD4 binding takes place initially, inducing the
exposure of the mAb 17b epitope to which théased peptide can thelmind. As such this
molecule is distinct fronother mAb 17b blocking peptideébat suppress CD4 binding and
subsequent coreceptor binding site exposure througliasteric inhibitory effect rather than

competitive inhibition (Biorn, Cocklin et al. 2004).

Although widely used as a CCRB CXCR4 surrogate, mAb7b however only imperfectly
defines the gp120 coreceptor binding site Whim addition to the CD4 induced bridging
sheet, is also constituted by t8 loop in particular (Dragi2001). Thus, to better asses the
blocking efficiency of molecules targetirige gpl20-coreceptor intation, and taking into
account domains outside the CD4i epitopelfitseCR5 and CXCR4 were solubilized and
functionally captured on top of biacore serthips. Binding of gp120 to CCR5 and CXCR4
proved to be both CD4 and concentration dejgat and inhibited bgpecific antagonists.
Fitting of the binding data was expectedlyrgmicated by several parameters, such as the
complexity of the buffer system used, the rsie nature of both the 1D4-coreceptor and
mCD4-gp120 complexes and the conformational fiéibof gpl120, tus the calculated
affinity values reported should probably be ¢desed as estimates only. Nevertheless, we report
Kp's of 10 and 150 nM for the YU2-CCR5:M& MN-CXCR4 interactions respectively,
comparable to those obtained with cellular syst@mwhich the coreceptors remained in their
natural cell membrane environment (DoranzikBat al. 1999; Babcock, Mirzabekov et al.
2001). This assay provides a useful, label frehod, to identify both binding capacity of
envelopes and inhibitory activity of potential dsud his was especially true in the framework
of this study investigating sulfated/polyanic compounds to target the gpl120 coreceptor
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binding site. Although tyrosine Hation of coreceptors has been shown to play a less
significant role in CXCR4- thn in CCR5-dependent HIV-1 &y (Farzan, Babcock et al.
2002), we found that when conjugated to mCD4 the sulfated P34dB@lays very strong
binding activity toward both R5- and X4- gpl20sing this assay, we indeed report that
gp120 binding to both CCR5 and CXCR4 was futiiiibited by 1:1 stoichiometric condition
of mCD4-P3YSQ. The overall positive chargef the V3 loop, which is much higher in X4-
than in R5-gp120 (Moulard, Lortat-Jacob et 2000) strongly influences the electrostatic
potential of the coreceptor binding regiontloé protein. In the case of CXCR4-using viruses
electrostatic interactions tveeen the sulfated peptide darthe V3 loop may thus also
participate in the blocking mechanism. This viswonsistent with the fact that the V3 loop
(which importantly contributes to coreceptonding) is located close to the CD4i bridging
sheet and with its known capacity to interadth polyanions (Moulard, Lortat-Jacob et al.
2000). This is further supported by the obseoratihat all the anioni peptides prepared
during the course of thistudy (mCD4-P3Asu, mCD4-P3pF, mCD4-E13 and mCD4-P3Y)
also display some level of antiviral activity agsti X4- but not against R5- viruses. This also
suggests that, in engineering such compouiidshould be advantageous to use sulfated
peptides with only modest specificity so thagyttcan broadly target distinct envelopes, the
high specificity of the conjugated bivalecdmpound being brought by the mCD4 moiety.
Structural studies of mCD4-P3Yg0n complex with different gp120 would be interesting
approaches to further define these aspects. Imaferd, it can be noted that sulfated peptides
would represent an advantage over HS, the crystallography of which, in complex with

proteins appearing to be specially challenging (Inyhdxrtat-Jacob et al. 2007).

Although relatively limited in moleular mass (5500 Da) the mCD4-P3Ys3lecule has the
remarkable property to targéivo critical and conservedegions of gpl20, and thus to
simultaneously block two large protein surfaces. fihe CD4 and the coreceptor binding site).
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In complete agreement with the biochemical data, it displays 1 ndd &idi-HIV-1 activity,
for both CXCR4 and CCR5 using model virusesaircellular assayimportantly, we also
found that this compound had a broad neutradizactivity and was vergffective against a
number of HIV-1 clinical isolas, strongly suggesting thatighapproach deserves further
investigation towardn vivo evaluation. No effective antagatic inhibitors yet exist for
CXCR4. This compound, which at 1 pM is devatltoxicity, could be a valuable weapon
against the more aggressive CR4-tropic HIV-1 strains ofor patients featuring a mixed

HIV-1 population for which CCR5 antagonist cannot be used.
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SIGNIFICANCE

While very significant progress has been madéhe development of anti-HIV-1 drugs, the

emergence of drug-resistant virgsehe inability of current therapy to be curative and its
adverse side effects has led to an urgent feredew blocking strategies. As a target, gp120
which features the coreceptor bindisite is particularly attractive. However its cryptic nature

makes it a difficult target which up now has resisted attacks.

Here we covalently linked a sulfotyrosinentaining tridecapeptidéhat targets the gp120
coreceptor binding site, to a CD4 mimetic (mCDAJ)e showed that the mCD4, in interacting
with gp120, induces conformational changeat texpose the coreceptor binding site and
renders it available to be bked by the sulfate@eptide. In cellulamssays, this compound,
which successfully targets twoitical domains of gp120, displays strong anaviactivities

and neutralizes HIV-1 with 1 nM kg

The conjugate was much more effective tlamixture of mCD4 and tridecapeptide alone,
indicating that the covalent linga is essential to produce ansygistic effect. This compound
establishes a new type of ibitor and suggests awecept by which a relatively low specific
molecule (the sulfated peptide), coupledatbighly specific compound (the mCD4) can reach
very high affinities for its target. Combininthese two characteristics, may enable the

molecule to accommodate mutations that iradalyi characterize acqed viral resistance.

These results should have strong implicatiomste development of a new class of anti-HIV-
1 therapy: the mCD4-conjugate simultaneoushycks the attachment and entry domains of
gpl120 and thus inhibits viral repditon at a very early stage die viral life cycle. Most

importantly, it has the remarkable and unigueperty to neutralize both CCR5- and CXCR4-
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tropic HIV-1. This is definitiely a strong advantage sineE#V-1 may escape from CCR5

antagonists through selectiohCXCR4-using variants.
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EXPERIMENTAL PROCEDURES

Materials

A BlAcore 3000 machine, CM4 sensorchip, aengoupling kit and HBS-P (10 mM HEPES,

150 mM NaCl, 3 mM EDTA, 0.005% surfactaB0, pH 7.4) were from GE-Healthcare.
Streptavidin and Piperidin were fronEigma. MN and YU2 gpl20 were from
Immunodiagnostic. Soluble CD4, mAb 17b and2Ti coreceptor expressing cells were
obtained through the NIH AIDS Research d&eference Reagent Program. The antibodies
12G5 and 2D7 were purchased from R&Dsteyns and BD pharmingen respectively. The
HIV-1 entry inhibitors AMD3100 and Maranac were from Fernando Arenzana (Pasteur
Institute, Paris). ThelD4 antibody was from Flint Box, University of British Columbia.
Synthetic phospholipid blend 1,2-dioleoyi-glycero-3-phosphoclhiae/1,2-dioleoyl-sn-
glycero-3-phospho-L-serine fimulation (DOPC/DOPS; 7:3, wij, the Mini-Extruder Kit,

filter supports and polycarbonate filters withfided pore diameter (100nm) were purchased
from Avanti Polar Lipids. Detergents, n-dodecyB-maltopyranoside (DOM), 3-[(3-
Cholamidopropyl)-dimethylammonio]-1-propa sulfonate/N,N-Dirathyl-3-sulfo-N-[3-

[[3 .5 ,7.12 )-3,7,12-trihydroxy-24-oxocholan-24{gimino]propyl]-1-propanaminium

(Chaps) and Cholesteryl hemisuccinate s#&t (CHS) were purchased from Anatrace.
Complete, EDTA-free protease inhibitor tablets were from Roche Diagnostics. Polyethylene
glycol 8,000 50% w/v solution was purchased from Hampton research. Resins for peptide
synthesis were purchased from RAPP Pokgr®mbH and Fmoc AAs, HATU, NMP, DMF,

TFA were from Applied Biosystems.Fmoc-Tyr (SO3.NnBu4)-OH and Fmoé-
Aminobutyric-OH (JAbu) were from Novabiochem, (Shtoc-2-amino-octanedioc acid-8-

ter-butyl ester (Asu) from PolypeptidesidaFmoc -L-4 (O-tButylcarboxymethyl)-Phe-OH
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(pF) from Anaspec. HPLC grade trietagiine acetate buffer was from GlenReseahth.

succinimidyl-S-acetylthiopropiona (SATP) was from Pierce.

CCR5/CXCRA4 solubilization

The human receptors CCR5 and CXCR4, feagua C-terminal C9 tag (TETSQVAPA),
were expressed in Cf2Th canine thymocytdlscas described previously (Mirzabekov,
Bannert et al. 1999). The CCR5 and CXCR4ubiization protocolwas adapted from a
described procedure (Navratilova, Sodroskial. 2005). Briefly Cf2Th.CCR5 or CXCR4
expressing cells (5-8xfpwere solubilized in 1 ml Wter consisting of 100 mM (NSO,

20 mM Tris-HCI (pH 7.5), 10%lycerol, 15% PEG 8000, proteamhibitors, CHS (0.2%),
DOM (1.5%), CHAPS (1.5%) and 0.33mM DOMOPS liposomes (see detailed buffer
preparation in the supplemental experimeptakcedures). The cell suspension was sonicated
(6 x 1s pulses) and placed on a rotating wheéft@tfor 3 hours. The solutions containing the
solubilized coreceptors were centrifuged 1& 000 rpm for 30 minutes at 4°C and the

supernatants were either used directly in @R&ysis or stored at -80°C until further use.

Surface plasmon resonance (SPR) based binding platform

The interactions betweaypl20 and its ligands (CD4, nbiAl7b, CCR5 and CXCR4) were
analyzed by SPR technology. For thaiurpose, N-ethyl-N{diethylaminopropyl)-
carbodiimide (EDC)/N-hydroxy-succimide (NhSactivated CM4 sensorchips were
functionalized with either 1200 RU of solebCD4, 700 RU of mAb 17b or 7000 RU of mAb
1D4 and blocked with pH 8.5 1M ethanolme. The C9-tagged CCR5 or CXCR4 were
captured onto the 1D4 mAb to a level ©f4000 RU. In some cases, gpl20 were also

immobilized onto CM4 sensorchip. For this, MN (50ug/ml in 5 mM maleate buffer, pH 6) or
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YU2 (50pg/mL in 10 mM acetate buffer, pH.8) were injected at 5 pL/min over an
EDC/NHS activated flow dke until levels of 4500 RU ws obtained. Molecules under
investigation were injectedver the different surfaces arttie binding responses were

recorded as a function of time (see supplemental experimental procedures).

Peptide synthesis and purification

Peptides were prepared by solid-phase igepsynthesis on H-Ser(tBu)-2-CITrt-PS-resin
using Fmoc chemistry excepted for the E13 peptide which was prepared on Fmoc-Glu(tBu)-
PHB-PS-resin. Fmoc-Tyr-(SO3.NnBu4)-OH was used to synthesize the sulfotyrosines
containing peptide. SATP was used to odiice a protected sulfhydryl groups at the N-
terminus of each purified peptide, which wénen conjugated in presence of hydroxylamine

to a K maleimide-activated mCD4, the synttsesif which has been reported elsewhere
(Baleux, Loureiro-Morais et al. 2009) yeld the desired conjugates mCD4-P3%SQCDA4-

P3Y, mCD4-P3pF, mCD4-P3Asu and mGE43. All compounds were purified by RP-
HPLC. Analytical procedures, characterizatiand quantification ofthese materials are

described in the supplemental information.

Antiviral Assay

Phytohemagglutinin (PHA)-P-activated PBMCs reveinfected either with the reference
lymphotropic HIV-1/LAI strain (Barre-Sinoussthermann et al. 1983) or with the reference
macrophage-tropic HIV-1/Ba-L strain (Gartnéddarkovits et al. 1986)These viruses were
amplified in vitro with PHA-P-activated blood mononealr cells. Viral stocks (including
clinical isolates) were titrated using PHAactivated PBMCs, and 50% tissue culture

infectious doses (TCI§3) were calculated using Karber's formula (Karber 1931). Viruses
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(125 TCIDsg) were incubated for 30 mwvith five concentrations (1:5 dilutions between 500

nM and 320 pM) of each of the molecules to be tested and added to 150 000 PBMCs (m.o.i. ~
0.001). Cell supernatants were eglied at day 7 post-infection and stored at -20 °C. In some
cases, the compounds were added to the cells prior to viral chalérejereplication was
measured by quantifying reverse transcript@®€) activity in the cell culture supernatants
using the Lenti RT Activity Kit (Cavisi) and AZT was used as reference anti-HIV-1 molecule.

In parallel, cytotoxicity was evaluaten day 7 in uninfected PHA-P-activateBMC using a
colorimetric methyl-tetrazolium salt (MTS/PMS) assay (Promega). Experiments were
performed in triplicate and 50, 70 and 90%eetive doses (ED) were calculated using

SoftMaxPro software.
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FIGURE LEGENDS

Figure 1: Ligand binding to CCR5 and CXCR4 immobilized sensorchips

Carboxy-terminal C9 tagged CCR5 or CXCRvere solubilized fom Cf2Th cells and
captured on top of a mAb 1D4 activated CBEhsorchip. CCR5 (left) and CXCR4 (right)
ligands were injected overdhcoreceptor surfaces, and thiaeding responses (in RU) were
recorded as a function of time (in S). Bingiof 25 nM of mAb 20 (blue) and mAb 12G5
(red) to CCRS5 (A) and CXCR4 (B). Binding 0fU2 gp120 (black), YU2/mCD4 (blue) or
YU2/mCD4/maraviroc (red) to CCR5 (C) dviN gpl120 (black), MN/mCD4 (blue) or
MN/mCD4/AMD3100 (red) to CXCR4 (D).Binding of the equimolar complex of
YU2/mCD4 at (from top tobottom) 100, 66, 44, 29, 19 ark®.5 nM to CCR5 (E) or
equimolar complex of MN/mCD4 at (frotop to bottom) 225, 150, 100, 66, 44 and 29 nM to
CXCR4 (F). The black traces correspond te txperimental datasand the red traces
correspond to the fitted data using a thigmuir model. Binding of YU2 or MN gp120 (100

nM) preincubated with 100 nidf mCD4 (blue) or mCD4-HgS (red) to CCR5 (G) or CXCR4

(H).

Figure 2: mCD4-S(XDXS} constructs

A miniCD4 was used as a @Dbinding site (CD4BS) ligan@nd covalently conjugated
through an appropriaténker to S(XDXS} peptides investigated as potential coreceptor
binding site (CoRBS) ligads. S and D are serine and aspacid residues respectively and
X is either a sulfotyrosine (639, a p-carboxymethyl phenylalanif@F) an aminosuberic acid

(Asu) or a tyrosine (Y).
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Figure 3: The S(XDXS} HS mimetic peptides coupled to mCD4 inhibit gp120-CD4,
gp120-mAb 17b and gpl120-coreceptor interactits through binding to the CD4 and the

coreceptor binding sites of gp120

Binding responses measured when YU2 (A) or MN (B) gp120 at 100 nM, either alone (blue)
or preincubated with 100 nM of mCD4 (), mCD4-P3Y (green), mCD4-E13 (turquoise),
mCD4-P3pF (orange), mCD4-P3Asu (brown) or mCD4-P3Y®€x) were injected over a
CD4 activated surface. YU2-mCD4 (C) &N-mCD4 (D) complexes (25 nM) were
preincubated with 5 pM of HS (red), P3YS@ (green) or the other HS mimetic peptides
(none, P3Y, E13, P3pF and P3Asu; all imdh) and injected over a mAb 17b activated
surface. The blue trace shows the bindingmf20 to mAb 17b in the absence of mCD4. The
P3YSQ peptide (E) or HS (F) at different concentrations were coincubated with YU2-
mCD4 (circle) or MN-mCD4 (guare) and injectedver a mAb 17b suate. The binding
response (mean of triplicate experiment) recoatdtie end of the injection phase was plotted
versus the concentration dfie inhibitors in pM. Overlp of sensorgrams showing the
injection of 100 nM of mCD4 (blue), mCD4-P3Y (black) or mCD4-P3¥$%@d), from 0 to
600 seconds, over immobilized YU2 (G) or MN) gp120, after which 15 pg/ml of mAb 17b
was injected from 600 to 900 seconds. Bigdof YU2 or MN gp120 (100 nM) preincubated
with 100 nM of mCD4 (blue) or mCD4-P3YS@red) to CCR5 (I) or CXCR4 (J). In all

graphs, binding signals werecorded in RU as a function of time (S).

Figure 4: Antiviral activity of mCD4 linked to either HS, or S(XDXS); HS mimetic

peptides

PHA-P-activated PBMCs were infected witlther (A) LAI (X4 tropic) or (B) Ba-L (R5

tropic) HIV-1 strains, preinculbbad with each of ta drugs under investigah (1:5 dilutions
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between 500 nM and 320 pMMolecules and viruses wenmaintained throughout the
culture, and cell supernatants were collecédiay 7 post-infection. Reverse transcriptase
activity was quantified from which 50 (blackj0 (grey) and 90% (white) effective doses
(ED) were calculated. In the absence of the inhibitory compounds, the RT level was in the
range of 10000-25000 and 6500-10000 pg/ml (depending on the donor) for LAl and Ba-L
strains respectively. Data are representedmamn of triplicate experiments (x SEM)

performed on PBMCs from three to four donors.
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Table 1: Anti-HIV-1 activity of AZT, mCD4-P3YSQ, P3YSQ and mCD4 against clinical

HIV-1 isolates
Viral strain: 92UG029] SF162 | 92US723] 96USHIPS4| 92HT599 | 98INO17
Clade-tropism A-X4 | BR5 | B-R5/X4 | B-R5/X4 | B-X4 | C-X4
AZT EDso | 740 8+7 | 801 19+9 94 8+3
EDro | 16%3 13+8 17+1 | 27+11 22+5 19+5
EDoo | 61%17 | 31%3 | 59+19 | 56+15 | 110+13 | 108+25
mMCD4-P3YSQ | EDso | 0.2+0.0 | 0.3+02] 0.3+01 1.2¢1 | 05+0.2 | 29+18
EDro | 03%0.1 | 04403 0.35x0.2| 1.6+1.2 | 1.3+09 | 1479
EDoo | 0.840.3 | 09402 | 045+0.2| 3+1.4 | 35+00 | >500
P3YSQ EDw| >500 | >500 | >500 > 500 >500 | > 500
EDo| >500 | >500 | >500 > 500 >500 | >500
EDs| >500 | >500 | >500 > 500 >500 | >500
mCD4 EDo | 403+76 | 245+155 23%1 >500 | 355+155| >500
EDo| >500 | 3524105 34+10 > 500 >500 | > 500
EDoo | >500 | >500 | 5222 > 500 >500 | >500

The table shows the effective dose (ED, mean of triplicate determination), dndiMquired
to inhibit 50, 70 and 90 %f HIV-1 replication.
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Figure 2

CD4BS ligand

g

T

CoRBS ligand

X S(XDXS)3; name
YSO, P3YSO;

pF P3pF

Asu P3Asu

Y P3Y

147



Response (RU) Inhibition (%) Response (RU) Response (RU)

Response (RU)

Figure 3

250 1 A

150
100 4
50 4

-50 T T T T T T |
100 200 300 400 500 600

Time (S)

300, C
250 -
200 -

-50 T T T T T T 1
100 200 300 400 500 600

Time (S)

250, G

200 -

_50 T T T T T 1
200 400 600 800 1000

Time (S)

504 |
100

50 4

-50 T T T T T T 1
100 150 200 250 300

Time (S)

Response (RU) Inhibition (%) Response (RU) Response (RU)

Response (RU)

ro, B

100 A

80 4

60 4

40 4

20 A

0 —15/5;'—_"_'_':1'"2

-20 . . . . . . .
-00 0 100 200 300 400 500 600

Time (S)

250 4 D
200 -
150 -
100 -
50
0 4
-50 — —— —— ————
200 0 100 200 300 400 500 600

Time (S)

50, H -
25 |
100 |

75 4 —— i

50 4 ./—’_"__4/

25

0 II

-25 S E— e
200 0 200 400 600 800 1000

Time (S)

250 4 J
200
150 -
100 -
50 4
0 4
-50 —— ————
50 0 50 100 150 200 250 300

Time (S)

148



A

mCD4-HS12 @*

mCD4-P3Y SO3 r

Figure 4

mCD4-P3Y
mCD4-P3Asu
mCD4-P3pF

mCD4-E13

AZT F—!

0

B

50

100 150 200

Concentration (nM)

]
mCD4-HS12 | -. ]

mCD4-P3Y SO3 f”

mCD4-P3Y

mCD4-P3Asu

mCD4-P3pF

mCD4-E13 |

AZT

250

300

100

200 300 400 500

Concentration (nM)

600

700

149



REFERENCES

Acharya, P., Dogo-Isonagie, C., LaLonde, J.M., Lam, S.N., Leslie, G.J., Louder, M.K., Frye,
L.L., Debnath, A.K., Greenwood, J.R., Luongo, T.S., et al. (20Htjucture-based
identification and neutralization mechanismtgifosine sulfate mimetics that inhibit HIV-1

entry. ACS Chem Biol 6, 1069-1077.

Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., Murphy, P.M., and
Berger, E.A. (1996). CC CKR5: a RANTES, MIP-lalpha, MIP-1beteptr as a fusion

cofactor for macrophage-p& HIV-1. Science 272, 1955-1958.

Babcock, G.J., Mirzabekov, T., Wojtowicz, Wand Sodroski, J. (2001). Ligand binding
characteristics of CXCR4 incorporated ip@aramagnetic proteoliposomes. J Biol Chem 276,

38433-38440.

Baleux, F., Loureiro-Morais, L., Hersant, layette, P., Arenzana-Seisdedos, F., Bonnaffe,
D., and Lortat-Jacob, H. (2009). A synthetic £Sbeparan sulfate glycoconjugate inhibits

CCR5 and CXCR4 HIV-1 attachmemdentry. Nat Chem Biol 5, 743-748.

Baribaud, F., Edwards, T.G., Sharron, M., Breldt, Heveker, N., Price, K., Mortari, F.,
Alizon, M., Tsang, M., and Doms, R.W. (2001). Antigenically distinct conformations of

CXCRA4. J Virol 75, 8957-8967.

Barre-Sinoussi, F., Chermann, J.C., Rey, F., Nugeyre, M.T., Chamaret, S., Gruest, J.,
Dauguet, C., Axler-Blin, C., Veaet-Brun, F., Rouzioux, C., et al. (1983). Isolation of a T-
lymphotropic retrovirus from a patient aski for acquired immune deficiency syndrome

(AIDS). Science 220, 868-871.

150



Biorn, A.C., Cocklin, S., Madani, N., Si, Zlvanovic, T., Samanen, J., Van Ryk, D.I.,
Pantophlet, R., Burton, D.R., Frej E., et al. (2004). Mode of action for linear peptide

inhibitors of HIV-1 gp120 interactions. Biochemistry 43, 1928-1938.

Brower, E.T., Schon, A., Klein, J.C., and FegiE. (2009). Binding thermodynamics of the
N-terminal peptide of the CCR5 corecaptto HIV-1 envebpe glycoprotein gpl20.

Biochemistry 48, 779-785.

Choe, H., Li, W., Wright, P.L., Vasilieva\., Venturi, M., Huang, C.C., Grundner, C.,
Dorfman, T., Zwick, M.B., Wangl.., et al. (2003). Tyrosine sulfation of human antibodies

contributes to recognition of the CCRding region of HIV-1 gp120. Cell 114, 161-170.

Cohen, C., Forzan, M., Spro&,, Pantophlet, R., McGowan, Burton, D., and James, W.
(2008). An aptamer that neutralizes R5 straiinldIV-1 binds to core residues of gp120 in the

CCRS5 binding site. Virology 381, 46-54.

Cormier, E.G., Persuh, M., Thompson, D.Ain, S.W., Sakmar, T.P., Olson, W.C., and
Dragic, T. (2000). Specific intaction of CCR5 amino-termath domain peptides containing
sulfotyrosines with HIV-1 envelope glycoprotein gp120. Proc NaddASci U S A 97, 5762-

5767.

Crublet, E., Andrieu, J.P., Vige R.R., and Lortat-Jacob, H. (2008). The HIV-1 envelope
glycoprotein gp120 features four heparan sulfate binding domains, including the co-receptor

binding site. J Biol Chem 283, 15193-15200.

De Clercq, E. (2007). The design of drugs for HIV and HCV. Nat Rev Drug Discov 6, 1001-

1018.

151



Dervillez, X., Klaukien, V., Durr, R., Koch, JKreutz, A., Haarmann, T., Stoll, M., Lee, D.,
Carlomagno, T., Schnierle, B., et al. (201Bgptide ligands selected with CD4-induced
epitopes on native dualtropic HIV-1 envelomeoteins mimic extracellular coreceptor
domains and bind to HIV-1 gpl120 independerdfycoreceptor usage. J Virol 84, 10131-

10138.

Dilhas, A., Lucas, R., Loureiro-btais, L., Hersant, Y., anBonnaffe, D. (2008). Mixture
synthesis and "chargegi@ing” based demixing: an efficiestrategy for the preparation of

heparan sulfate libraiseJ Comb Chem 10, 166-169.

Doranz, B.J., Baik, S.S., and s, R.W. (1999). Use of a gp1Bihding assay to dissect the
requirements and kinetics of human immunadeficy virus fusion events. J Virol 73, 10346-

10358.

Dorfman, T., Moore, M.J., Guth, A.C., Choe, ldnd Farzan, M. (2006). A tyrosine-sulfated
peptide derived from the heavy-chain CDR8ioa of an HIV-1-neutralizing antibody binds

gp120 and inhibits HIV-1 infection. J Biol Chem 281, 28529-28535.

Dorr, P., Westby, M., Dobbs, S., Griffin, P., Irvine, B., Macartney, M.riMb, Rickett, G.,

Smith-Burchnell, C., Napier, C., et aR005). Maraviroc (UK-427,857), a potent, orally
bioavailable, and selective small-moleculibitor of chemokine receptor CCR5 with broad-
spectrum anti-human immunodeficiency virus typactivity. Antimicrob Agents Chemother

49, 4721-4732.

Dragic, T. (2001). An overview of the determinants @CR5 and CXCR4 co-receptor

function. J Gen Virol 82, 1807-1814.

Esko, J.D., and Lindahl, U. (200Mlolecular diversity of heparasulfate. J Clin Invest 108,

169-173.
152



Farzan, M., Babcock, G.J., Vasilieva, N., Wright, P.L., Kiprilov, EMirzabekov, T., and
Choe, H. (2002). The role of post-translatiomedifications of the CXCR4 amino terminus
in stromal-derived factor 1 alpha assdmn and HIV-1 entry. J Biol Chem 277, 29484-

29489.

Farzan, M., Vasilieva, N., Schnitzler, C.EQhuhg, S., Robinson, J., Gerard, N.P., Gerard, C.,
Choe, H., and Sodroski, J. (2000). A tyrosinffieged peptide based on the N terminus of
CCRS5 interacts with a CD4-enhanced epitopéhe HIV-1 gp120 envelope glycoprotein and

inhibits HIV-1 entry. J Biol Chem 275, 33516-33521.

Feng, Y., Broder, C.C., Kennedy, P.E., anddee, E.A. (1996). HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science

272,872-877.

Flexner, C. (2007). HIV drug development: thext 25 years. NeRev Drug Discov 6, 959-

966.

Gartner, S., Markovits, P., Markovitz, D.MKaplan, M.H., Gallo, R.C., and Popovic, M.
(1986). The role of mononuclear phagocyite$iTLV-III/LAV infection. Science 233, 215-

219.

Imberty, A., Lortat-Jacob, H., and Perez, )0®). Structural view of glycosaminoglycan-

protein interactions. Carbohydr Res 342, 430-439.

Kéarber, G. (1931). Beitrag zur kollektivasehandlung pharmakologischer reihenversuche.

Arch. Exp. Path. Pharmak. 162, 480-483

153



Khurana, S., Kennedy, M., King, L.R., and Galgl H. (2005). Identification of a linear
peptide recognized by monoclonal antibodp7 capable of generating CCR5-specific

antibodies with human immunodeficiencyus-neutralizing actity. J Virol 79, 6791-6800.

Klatzmann, D., Champagne, E., Chamaret, Sruest, J., Guetard, D., Hercend, T.,
Gluckman, J.C., and Montagmj L. (1984). T-lymphocyte T4 molecule behaves as the

receptor for human retrovirus LAV. Nature 312, 767-768.

Kwong, J.A., Dorfman, T., Quinlan, B.D., ChianlyJ., Ahmed, A.A., Choe, H., and Farzan,
M. (2011). A Tyrosine-Sulfated CCR5-Miie Peptide Promotes Conformational

Transitions in the HIV-1 Envepe Glycoprotein. J Virol 85, 7563-7571.

Kwong, P.D., Wyatt, R., Robinson, J., SweRtW., Sodroski, J., and Hendrickson, W.A.
(1998). Structure of an HIV gp120 envelope glycoprotein in complex with the CD4 receptor

and a neutralizing human antibody. Nature 393, 648-659.

Lee, B., Sharron, M., Blanpain, C., Doranz, BV&kili, J., Setoh, P., Bg, E., Liu, G., Guy,
H.R., Durell, S.R., et al. (1999). Epitope mapping of CCR5 reveals multiple conformational
states and distinct but overlapping structure®lved in chemokine and coreceptor function.

J Biol Chem 274, 9617-9626.

Maeda, K., Nakata, H., Ogata, H., Koh,, Yiyakawa, T., and Mitsuya, H. (2004). The
current status of, and challeegyin, the development of CCRthibitors as therapeutics for

HIV-1 infection. Curr Opin Pharmacol 4, 447-452.

Maynard, H.D., and Hubbell, J.A2005). Discovery of a sulfate@trapeptide that binds to

vascular endothelial growtladtor. Acta Biomater 1, 451-459.

154



McCort-Tranchepain, I., Ficheux, D., Durieux, C., and Roques, B.P. (1992). Replacement of
Tyr-SO3H by a p-carboxymethyl-phenylalanine in a CCK8-derivative preserves its high

affinity for CCK-B receptor. Int J Pept Protein Res 39, 48-57.

Mirzabekov, T., Bannert, N., Farzan, M., Ham, W., Kolchinsky, P., Wu, L., Wyatt, R.,
and Sodroski, J. (1999). Enhanced expressiative purification, ath characterization of

CCRYS5, a principal HIV-1 coreceptor. J Biol Chem 274, 28745-28750.

Moulard, M., Lortat-Jacob, H., Mowod, I., Roca, G., Wyatt, R., Sodroski, J., @ha., Olson,
W., Kwong, P.D., and Sattentau, Q.J. (2000)e&ele interactions of polyanions with basic

surfaces on human immunodeficienggus type 1 gp120. J Virol 74, 1948-1960.

Nachman, R.J., Vercammen, T., Williams, H., Kaczmarek, K., Zabrocki, J., and Schoofs, L.
(2005). Aliphatic amino diacidAsu functions as an effective mimic of Tyr(SO3H) in

sulfakinins for myotropic and food intake-inHibn activity in insects. Peptides 26, 115-120.

Navratilova, 1., Sodroski,.Jand Myszka, D.G. (2005). bbilization, stabilization, and

purification of chemokine receptors using$ensor technology. Anal Biochem 339, 271-281.

Rizzuto, C.D., Wyatt, R., Hernandez-Rambis, Sun, Y., Kwong, P.D., Hendrickson, W.A.,
and Sodroski, J. (1998). A conserved HIV gpl20 glycoprotein structure involved in

chemokine receptor binding. Science 280, 1949-1953.

Seitz, M., Rusert, P., Moehle, K., Trkola,,Aand Robinson, J.A. (2010). Peptidomimetic
inhibitors targeting the CCRS5-binding siten the human immunodeficiency virus type-1

gp120 glycoprotein complexed to CD4. Chem Commun (Camb) 46, 7754-7756.

Shafer, R.W., and Schapiro, J.M. (2008)VHI Drug Resistance Mutations: an Updated

Framework for the Second DecaafedHAART. AIDS Rev 10, 67-84.

155



Thali, M., Moore, J.P., Furman, C., Charlé$,, Ho, D.D., RobinsonJ., and Sodroski, J.
(1993). Characterization of conserved umimmunodeficiency virus type 1 gpl20

neutralization epitogeexposed upon gp120-CD4 binding. J Virol 67, 3978-3988.

Tilton, J.C., and Doms, R.W. (2010). Entry inkdlos in the treatment of HIV-1 infection.

Antiviral Res 85, 91-100.

Vives, R.R., Imberty, A., Sattentau, Q.J., and Lortat-Jacob, H. (2005). Heparan sulfate targets
the HIV-1 envelope glycoprotein gp120 coreie binding site. J Biol Chem 280, 21353-

21357.

Wu, L., Gerard, N.P., Wyatt, R., Choe, H.rétm, C., Ruffing, N., Borsetti, A., Cardoso,
A.A., Desjardin, E., Newman, Wet al. (1996). CD4-inducedtaraction of primary HIV-1

gp120 glycoproteins with the chemokine receptor CCR-5. Nature 384, 179-183.

Xiang, S.H., Doka, N., Choudhary, R.K., Sodroski, J., and Robinson, J.E. (2002).
Characterization of CD4-induced epitopestba HIV type 1 gpl20revelope glycoprotein
recognized by neutralizing human monocloaatibodies. AIDS R Hum Retroviruses 18,

1207-1217.

156



Supplemental Information

A heparan sulfate-mimetic peptide conjugated to a mini CD4 displays very high anti

HIV-1 activity independently of coreceptor usage

Bridgette Janine Connell, Francoise Baleyes-Marie Coic, Pascal Clayette, David

Bonnaffé and Hugues Lortat-Jacob

Figure S1, related to Figure 2

RP-HPLC chromatograms overlay of mCD4-P3%S@CD4-P3Y, mCD4-P3pF, mCD4-
P3Asu and mCD4-E13.

Figure S2, related to Figure 2

MS data for mCD4-P3YS§ ) mCD4-P3Y, mCD4-P3pF, mCD4-P3Asu and mCD4-E13.

Table S1, related to Figure 2

Table reports the synthesis yield and the charaation data (MS and HPLC retention time)

at each step of the synthesis.

Table S2, related to Figure 4

Table reports the antiviral activity of AZT, mCD4-P3Y$®3YSQ and mCD4, measured
when the molecules were either added to the virus prior to infection, or added to the cells
prior to the viral challenge.

Supplemental experimental praedures, related to the:

x Peptide synthesis, conjugatiguurification and characterization
x Buffer preparation for the solubiéiton and capture of CCR5 and CXCR4
X Biosensor binding experiments
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Supplemental figures

Figure S1. RP-HPLC chromatograms overlay @rom top to bottom) mCD4-P3YSO
mCD4-P3Y, mCD4-P3pF, ni®4-P3Asu and mCD4-E13.
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Absorbance unit (Au) was acquirbg direct injection of eachonjugate in an analytical C18
RP-HPLC column, eluteditt linear gradient of CECN in 50 mM aqueous NEACOH over
20 min. The traces confirmed the highipu(>95%) achieved after purification.
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Figure S2. MS data for (from top to bottom) mCD4-P3¥SMCD4-P3Y, mCD4-P3pF,

mCD4-P3Asu and mCD4-E13.
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M/z full scan spectrum was acquired by diredtision of each conjugate in a Q-Tof Micro
mass spectrometer using negatmede. lon spray source cone voltage and collision energy
were set to 5 V in order to avoid desulbati Average mass (M), determined using MaxEntl

software, unambiguously confirméike identity of the compounds.
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Supplemental tables

Table S1

peptide Yield | Formula Expected mass Found Retention time (min)
(monoisotopic)

P3YSQ 31 Cg2HogN14049Ss 2253.3835 [M-H] | 2253.3164 8.3 (10-30% over 20min

P3Y 8 CaoHogN 1031 1775.6601 [M+H] | 1775.6370 | 11.7

P3pF 14 CoqH110N14037 2027.7235 [M+H] | 2027.7490 6.2

P3Asu 10 CreH122N14037 1823.8174 [M+H] | 1823.8474 16.5 (0-10% over 20min

E13 73 CsoH100N14041 1781.6170 [M+H] | 1781.6299 12.1

Peptide-SATP | Yield | Formula Expected mass Found Retention time (min)

(monoisotopic) (5-25% over 20min)

P3YSQ-SATP | 60 CaH10N1405:S; | 2383.3942 [M-H] | 2383.4316 11.6

P3Y-SATP 43 CaH104N14033S; | 1903.6533 [M-H] | 1903.6781 16.0

P3pF-SATP 50 CogH11dN14030S; | 2155.7167 [M-H] | 2155.7869 9.3

P3Asu-SATP 36 CaiH12dN14030S; | 1953.8262 [M+H] | 1953.7822 15.2*

E13-SATP 34 CraH10N14045S; | 1909.6181 [M-H] | 1909.6188 | 6.3
Conjugate Yield | Formula Expected mass Found Retention time (min)
(average) (20-40% over 20 min)

mCD4-P3YSQ | 47 C221H314N540g8S:3 | 5552.0933 5551.5127 11.5

mCD4-P3Y 38 Cu21H314N54070S; | 5071.7081 5071.5005 | 12.8

mCD4-P3pF 67 CoaHz2Ns54076S; | 5323.9318 5323.5850 | 10.7

MCD4-P3Asu | 23 | CpHasaNssO76S, | 5119.8291 5119.5283 | 10.8

mCD4-E13 58 | ChogHa1dNs4O0g0S; | 5077.5750 5077.1021 | 11.4

*10-30% linear gradient of C}N in 0.08% aqueous TFA over 20 min.

The table reports the synthesis yield (%4 ahe characterization data (MS and HPLC
retention time) at each step of the synthesis, i.e., the peptides, the SATP peptides and the
mCD4-peptide conjugates.
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Table S2: Anti-HIV-1 activity of AZT, mCD4-P3YSQ, P3YSQ and mCD4 against LAl
HIV-1

Pre-treateaells | Pre-treatediruses
AZT EDsg 16.5+ 12 20 +12
ED;o 33+ 18 38 + 18
EDgg 96+ 11 111 + 40
mCD4- P3YSQ | EDsg 0.5+0.2 0.5+0.3
ED;o 0.6+0.2 0.7+0.3
EDgo 1+0.2 0.9+0.2
P3YSQ EDsg > 500 > 500
ED;o > 500 > 500
EDgo > 500 > 500
mCD4 EDyo 310+ 190 406 + 94
ED;o > 500 474 + 27
EDgo > 500 > 500

The table shows the effective dose (ED, meérriplicate determinations), in NM sd)
required to inhibit 50, 70 and 90 % of HWV-replication, when the compounds were

preincubated either with the cells or with the viruses.
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Supplemental experimental procedures

Peptide synthesis and purification. Peptides P3YS§) P3Y, P3pF and P3Asu were
synthesized on H-Ser(tBu)-2-CITrt-PS-resin (1Bfoles; 0.78 mmole/g), and E13 on Fmoc-
Glu(tBu)-PHB-PS-resin (100Rmoles; 0.61 mmole/g), using an Applied 433 peptide
synthesizer. Chain elongation svperformed using 10 equivalendf Fmoc amino acids and
HATU/DIEA activation. Peptides were released from the resin by TFA/B3/95/2,5/2,5)
treatment for 1h30 at room temperature, excepthfe sulfated peptide which was released at
4°C (ice bath). The crude peptides werelated by cold diethyl ether precipitation,
solubilised in water by adding 3% NEH, except the sulfated peptide that was rapidly
dissolved in 100 mM ammonium hydrogen carlienauffer. After lyophilisation, the crude
peptides were purified by C18 RP-HPLC using 50 mM aqueousAf2H (100 mM for the
sulfated and E13 peptides) and 4l as eluents. Purified peptides were analysed by mass
spectrometry (Waters ionspray Q-TOF—miaioll quantified by amino acid analyses (Hitachi
L-8800 apparatus). Peptide purity was controlled by analytical C18 RP-HPLC using a linear
gradient of CHCN in 50 mM aqueous NEACOH over 20 min (Waters Symetry C18-300A,
3.5 I, 2.1x100 mm column, 0.35 ml/milow rate). See Table S1.

S-acetylthiopropionate peptides. For the S-acetylthiopropionate peptides preparation,
peptides were dissolved in 50 mM sodium phasptbuffer pH 8 (1 mM final concentration).
The S-acetylthiopropionate group was introducead stepwise addition of 10 equivalents of
N-succinimidyl-S-acetylthiopropionate (SAT@.26 M in DMSO) over a 40 min period. After
1h30, S-acetylthiopropionate peptides were mdiby C18 RP-HPLC using linear gradient
of CH:CN in 50 mM aqueous NEt3-AcOH over 20 min (C18-300A, B, POx250 mm
column, 6 ml/min flow rate). The SATP derivedptides purity was comtled by analytical
C18 RP-HPLC using linear gradient of ¢FN in 50 mM aqueous NEACOH over 20 min
(Waters Symetry C18-300A, 3.Bn, 2.1x100 mm column, 0.35 ml/min flow rate). See Table
S1.

mCD4-peptide conjugates. Maleimide activated miniCD4 (mCD4-Mal) was prepared as
described in WO/2009/098147, WZD08/015273 and reference Baleux et al. 2009 of the
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main manuscript. For peptide coupling to mCMA4l, SATP peptides were dissolved in 100
mM sodium phosphate buffer pH 7.2 (1 niiMal concentration), after which 108 of 0.5 M
NH,OH, HCI in 100 mM sodium phosphate bufigH adjusted to 7.2 by 4N NaOH) was
added. Deprotection of the thiol function was monitored by HPLC. After 30 min, 0.3
equivalent of mCD4-Mal in kO (1.5 mM) was added. After another 30 min, mCD4-peptide
conjugates were purified by C18 RARHC using a linear gradient of GEIN in 50 mM
aqueous NEt3-AcOH over 20 min (C18-300A, M, 10x250 mm column, 6 ml/min flow
rate). mCD4-peptide conjugates were cdiatb by analytical C18 RP-HPLC using linear
gradient of CHCN in 50 mM aqueous NEAcOH over 20 min (Waters Symetry C18-300A,
3.5 Bn, 2.1x100 mm column, 0.35 ml/min flow rat@egative mode mass spectrometry and

quantified by amino acid analysis. See Figure S1, S2 and table S1.

Liposome and buffer preparation for CCR5/CXCR4 solubilisation To prepare liposomes
(final concentration of 3.3 mM a pre-determined volume of synthetic Phospholipid Blend
DOPC:DOPS (7:3, w/w) was tramsfed into a glass test tulaad a thin lipid film was
formed on the side walls of the glass tube glass by rotating the tube while evaporating all the
chloroform using a stream of nitrogen gésice all the chloroform had been evaporated, a
HEPES buffer (50mM Heped50 mM NacCl, pH 7.0) was adddo dissolve the dry lipid
films. The lipid mixture was vortexed to facilitate dissolving the films, then the mixture was
frozen, thawed, and vortexed four times. ileimellar vesicles (ULC)/liposomes were
prepared by classical extrusion through a 100pone diameter polycarbonate filter using an
Avanti Mini-Extruder kit. Liposomes were f%hly extruded for every experiment. The
0.33mM liposome preparation was thmixed into a solution of 100 mM (NSO, 20 mM
Tris-HCI (pH 7.5), 10% glycerol, 1599?EG 8000, CHS (0.2%), DOM (1.5%), CHAPS
(1.5%) supplemented with pesse inhibitors (EDTA free Complete from Roche) and used
for CCR5 and CXCR4 solubilisation.

Preparation of the Biacore binding surfacesFor sensorchip immobilization of CCR5 and
CXCR4, the 1D4 antibody (recognizing the coreceptor C9 C-terminal tag) was first cross
linked to a level of 7000 RU onto a CM4 sensgrcithis was performed by activation of the
chip surface with 50 pL of 0.2 M N-eth{-(diethylaminopropyl)-carbodiimide (EDC) and
0.05 M N-hydroxy-succimide (NHS) at 5 pL/mfollowed by a 12 minutemjection of 1D4
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at 100 pg/ml in 10 mM sodium acetate buff@il 4.2 and a 5 mins injection of 1M
ethanolamine. The 1D4 surface was then dgaied into a running buffer consisting of
50mM HEPES pH 7.0, 150 mMlaCl, 5% glycerol, 5 % PEG 8000, 5 uM CaCl uM
MgCl,, 0.1 % DDM, 0.1 % CHAPS, 0.02 % CHS, 5 uM of 7:3 DOPGPS and 0.1 mg/ml
BSA. Solubilized CXCR4 or CCRS5, in théb@e described liposome preparation, were
captured via the interaction between its C9aad the 1D4 mAb to a level of approximately
3000-5000 RU. The system was then equilibratéth the running buffer at 5 pl/min for
approximately 20 minutes.

Other binding surfaces were prepared by injecting over EDC/NHS activated CM4 sensorchips
CD4 (10 pg/mL in 10 mM acetate buffer, pH 5), streptavidin (200 pg/mL in 10 mM acetate
buffer, pH 4.2), mAb 17b (5 pg/mL in 10 mhitetate buffer, pH 5), MN gp120 (50 pg/ml in

5 mM maleate buffer, pH 6) or YU2 gp120 (@@mL in 10 mM acetate buffer, pH 4.8). This

was performed at 5 pL/min until levels @00 (for CD4), 700 ¢r mAb 17b), 3000 (for
streptavidin) or 4500 (for gp120s) RU were achikvieurfaces were then blocked with pH 8.5

1 M ethanolamine during 5 minutes.

Biosensor binding experimentsand sensorgram evaluationSamples under investigation
were prepared in HBS-P running buffer whejected at 10 pl/ml over CD4, mAb 17b or 5
ul/mL over the gpl120 surfaces. Streptavidin wasduas a reference surface, and binding
signals were recorded with on line subtraetiof control sensorgrams. Surfaces were
regenerated by 1 min injection of 10 mM HEbr binding studies on immobilized CCR5 or
CXCR4, samples under investigation were pred in 50mM HEPES pH 7.0 buffer, 150 mM
NaCl, 5% glycerol5 % PEG 8000, 5 uM Cagll uM MgCh, 0.1 % DDM, 0.1 % CHAPS,
0.02 % CHS, 5 uM 7:3 DOPC:DOPS and 0.1 mdgA8A (running buffer). 1D4 was used as
a reference surface. After each binding cygerformed at 30 pl/ml, the 1D4 surface was
regenerated with 10 mM KH containing 1% n-octyl-D-glucopyranoside at 100 pl/min,
and subsequently reloadeditlw either CCR5 or CXCR4. leernatively, to avoid this
regeneration step, the gp120-coreceptor complas washed with running buffer, until the
signal returned to the baseline level (usually 30-60 min).

The binding curves obtained when gp120-CD4 complexes weaed over either CCR5 or
CXCR4, were evaluated with the Biaevaloati3.1 software. Data were analyzed itynfy of

both association and dissociation phases for several concentrations, using a simple 1:1 binding
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model. Several pangeters (including the odormational flexibility ofgp120 and the reversible
nature of the gpl120-m® complex) were likgl to complicate the biding kinetics and the
values reported should loensidered as estimatenly. The affinities (dsociation equilibrium
constants: ) were calculated from the ratio of dissociation and association rate constgnts (K
Koft/Kon)-
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6.5 Discussion

Currently, there is no effective anti-HIVsaccine and there is no entry inhibitor
that is capable of inhibiig both X4 and R5 HIV-1 vitastrains simultaneously at
the level of the gp120 — coreceptor intei@ct Maraviroc is the first and only
CCRS5 antagonist which has been approvedréEatment in HIV-infected patients.
Maraviroc binds to a small hydrophobpocket inbetween the transmembrane
helices and thus induces a slight confational change in the coreceptors which
renders it non-recognizabley HIV-1 (Dorr, Westby et al. 2005). However, as
with most antiretrovirals, the high regdition rate and mutation rate of HIV-1
permits it to eventually develop resistanto Maraviroc and the envelope adapts
in such a way that it igble to recognize the drug-bound confirmation of the
CCRS5 coreceptor. Another short-coming tbe use of an entrinhibitor that
blocks solely the R5 HIV-1 strain, ithe outgrowth of CXCRA4-tropic, more
virulent HIV-1 isolates that were present at low frequencies prior to the initiation
of therapy or new infections of X4 HIV-Thus, it is very important to target both
R5 and X4 viruses simultaneously.

In the early stages of HIV-1 infection (via sexual transmission), it is believed that
heparan sulphate (HS) aids to conceattheé virus on the mucosa (Saidi, Magri et
al. 2007), thus bringing it into close corttaath its host cell receptors, CD4 and
CCR5. HS has also been shown to ptayossible role in transporting HIV-1
through the blood-brain barrier during ethlate stages of AIDS (Argyris,
Acheampong et al. 2003). Also, cells that treated with HS degrading enzymes,
demonstrated a reduced HIV-1 attachment and infection, thus these anionic
polysaccharide molecules were believed to play an important role in HIV-1
infection (Ohshiro, Murakami et al. 1998londor, Ugolini et al. 1998; Saphire,
Bobardt et al. 2001). Thimteraction betwen HIV-1 gp120 and HS has mainly
been attributed to the V3 loop, howevaparin binding domains have also been
identified in the V2 loop, in the C4tminal domain and within the CD4 induced
bridging sheet (Crublet, #drieu et al. 2008). A bivate entry inhibitor (mCDA4-
HS;2) has been developed which consista ofiini CD4 molecule (mCD4) which

is covalently attached to a highdulphated 12mer oligosaccharide (b $ontains

18 sulphate residues). This moleculdtially binds the CDA4-binding site
(CD4BS) on gp120 with the mCD4 moyetnduces the conformational changes
necessary to expose the coreceptor bipdiite (CoRBS), and due to the small
size of the H% (3 kDa, 50 times smaller thanneutralizing antibody), it is able

to rapidly and effectively bind to ¢hCoRBS and block entry through both CCR5
and CXCR4 pathways, resulting in nmanolar antiviral activity (Baleux,
Loureiro-Morais et al. 2009).

Heparan sulphates are exceedinglynptex molecules and unlike DNA and
proteins, they do not have a blue primhptate or coding sequence. The basic unit
is a disaccharide which consists of a uronic acid (eitHe#duronic acid [IdoA]

or —D-glucuronic acid [GIcA]) linked (1 4) to a D-Glucosamine (GIcN).
Specialised enzymes (N-deacetylase/N-sulphotransferase, epimerasé&)- and
sulphotransferase) act in arganised and regulated fasi to sculpt the mature,
sulphated polysaccharide chains. Not aidees in the disaccharide are modified,
thus there is an enormous level of adon in an HS oligosaccharide chain. For
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example, a DNA sequence of 6 base pairs can genetate 4096 possible
different sequences. For a hexapeptide, we can hdver@® million different
possibilities (Shriver, Liu et al. 2002)However for a 12mer of HS (Six
disaccharide units), there can be® 482 billion) different possible sequences,
which is a staggering degree of variation. The regulation of the HS biosynthetic
process is poorly understood, howevetr@&xely important for a myriad of
biological processes and patogical states. Enormous structural complexity and
heterogeneity is thus generated and adlséhdifferent structes have different
functions in the biologicabystem. Molecular characieation of GAGs and of
their interacting partners is still in the early stages of development; they are not
easily sequenced and there is a lacloatine biosynthetic andnalytical tools for
GAGs. Thus a technique whereby one canlyeabaracterise th structures that
resemble those of GAGs interactingtiw proteins, will greatly advance our
understanding of how their structumetate to different functions.

In order to further develop the mCD4-H#&olecule which is fully sulphated and
which took one year to synthesize, wenteal to determine the minimal sulphate
residues required for CoRBS binding as vealfind a molecule that is faster to
synthesize/purify from natural sources.elapproach would have been to screen
large libraries of differently sulphated H8ers. However, this would be virtually
impossible due to the enormous amounpatential variations as well as the fact
that obtaining reasonable queies of pure homogeneous H8ligosaccharides is
difficult if not impossible without usingysithetic techniquedinally, if a highly
anti-viral HS, was found, structure-function anakysvould be very complicated
due to the limiting techniques for oligosaccharide structural analysis. During this
work, a relatively small litary (12 populations) of H8mers was generated
through several ion exchange chroogabphy runs. Each member of theHS
fractionated library was screened fos #bility to inhibt gp120-CD4 complexes
from binding to 17b on the biacore. FiyalbOuM of the most sulphated fraction
from the natural fractionated HSlibrary was 30 times less efficient than 10uM
of the HS, un-fractionated mixture and 30 timksss efficient than 5uM of the
synthetic H%,. The active H& molecule might have been ‘lost’ during the
fractionation process which could indicate that there exists a highly active
molecule in the mixture which was noemtified. Therefore different approach
was necessitated to improve the specifiaiffinity and speed of production of the
glyco-moiety of mCD4-Hg.

It is known that R5 HIV-1 relies davily on the N-terimal and second
extracellular loop of CCR5 for entry. Iméstingly, the amino terminus contains
several sulphated tyrosines well as certain neutralizing antibodies (E51 and
412d) which both interact with the conged CCR5 binding site (Farzan, Choe et
al. 1998; Farzan, Babcock et al. 20020€, Li et al. 2003; Huang, Lam et al.
2007). Numerous studies have exploithé properties of anionic polyanions,
sulphated molecules and peptides i from the N-terminal of chemokine
coreceptors as potential inhibitorstbe 17b mAb binding to the CD4i with uM
range 1Gos (Cormier, Persuh et al. 2000; Famz Vasilieva et al. 2000; Cohen,
Forzan et al. 2008; Crublet, Andrieu &t 2008; Brower, Schon et al. 2009;
Dervillez, Klaukien et al. 2010; Achga, Dogo-lsonagie et al. 2011; Kwong,
Dorfman et al. 2011). These studies shahibition of 17b mAb binding to the
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CDd4i, however, this antibody is only a partial coreceptor surrogate as it only
recognises the bridging sheet and not thdddp (Dragic 2001), which is another
critical region involved in coreceptor binding. Thus this antibody is a poor
coreceptor mimic. However, due to the diffity in manipulating coreceptors, this
mADb was used as a surrogate coreceptor.

The present study aimed to replace th&b 17b as an ‘incomplete’ coreceptor
surrogate and use actual coreceptorsekperiments where potential entry
inhibitors could be screenddr their ability to bind the CoRBS. To do this, we
captured either coreceptor (CCR5 or CX4JRn the biacore surface so that HIV-

1 entry inhibiting molecules could be screened for theiityalo inhibit gp120-

CD4 complexes from binding to their respective coreceptors. Here, we
demonstrated two challenging feats imlbgy; firstly, we hae solubilized and
immobilized both CCR5 and CXCR4 in aitifdetergent environment preserving
their functional structures and for the fitgne, kinetic data has been determined
for gp120-CD4 complexes binding to CXCR4 using surface plasmon resonance.
We report a I of 154 + 68 nM for X4 gp120-CD4 interaction with CXCR4 and

Kp of 11.5 + 2.9 nM for R5 gp120-CD4 interacting with CCR5. These affinities
compare well with those calculated for coreceptors that remain in their natural
membrane environment (Doranz, Orsaial. 1999; Babcdg Mirzabekov et al.
2001). This assay has many advantages; mgstrtantly, it allows the isolation

of native GPCRs for specific interaction analysis, which is much a more relevant
and complete approach for HIV-1 entry inhibitor screening assays as compared to
using a coreceptor gogate (e.g. mAb 17b). The assayerformed in real-time,
there is no labelling required of either the ligand or the receptors, the coreceptors
on the surface are re-usalaéter a long dissociation ped and the results are
reproducible. It is also veryser-friendly to be abléo store the pre-solubilized
coreceptors at -80°C as this allows for rapid preparation time for the SPR
experiments and the same ‘batch’ of purified coreceptors can be used for several
different experiments on different days allowing for standalisation of the
results. This assay can be used for a multitude of tests to elucidate many
unanswered questions oretboreceptor binding sita gp120. E.g. one can probe

the V3 loop of a pre-triggered gp120 witarious antibodies in search of new
broadly neutralizing antibodies. Howevere tlisadvantages of this technique are
the fact that one is required to wowkith lipid/detergent mixtures which are
complex to manipulate as they can folanger micelles and their density in a
buffer can change over time which careaffbinding results. Also, this technique
requires long dissociation periods (whichn reach up to 2 hours each) if the
same coreceptor surface is required for multiple injections.

The second challenging feat which wasieced during this work was that GAG-
mimetic peptides have been producedalhcontain sulphate amino acids that

mimic the sulphated residues in the disacute building block of oligosaccharide

chains and these peptides can be used as tools to define the number and placement
of sulphated residues that are critidal a certain protein-GAG interactions.
Since, there are few teclouies that allow the study of structural characterisation

and structure-function relationships 8AGs, the use of GAG-mimetic peptides

can greatly advance this field.
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Five peptides that mimic GAGs weused in this study; the S(XDX3equence

was used to replace the syntheticfigr. Thus 13 amino acids residues were the
equivalent length of a 12mer oligoharide. The sulphate, carboxyl and
hydroxyl groups on a HS disaccharide were mimicked by the use of serine (S) and
aspartate (D) amino acids in the S(XDXSg¢quence. Since we were interested in
mimicking the SQ group in the GAG chains, weral functional groups were
placed in the S(XDXS)sequence in the X positiokither sulphated tyrosines
was used (P3YS£) or non-sulphated tyrosines (P3Y), or a p-carboxymethyl
phenylalanine (P3pF), or a aminosuberic acid (P3Asu), or a charged carboxyl
chain of 13 glutamic acids (E13) was ategted to see if a non-specific anionic
polyanion showed an effect. Despitevimg set up a systewhere solubilized
coreceptors could be used instead oftnl&’b to test coreceptor binding, we did
test the peptide GAG mimics for theiril#ly to prevent gp120-CD4 complexes
from binding to a 17b surface so as tonpare the peptides to existing entry
inhibitory molecules. Té peptide containing 6 fllotyrosine residues (P3Y g0
displayed the lowest Kg of 3uM, which compares venyell to other inhibitors.
Interestingly, this was demonstratedth the peptide alone, it was not yet
covalently bound to the mCD4 moiety.

The importance of the tyro® sulphation in the N4tminus of CCR5 has been
well documented for the binding of R5 HIVvariants, surprisigly, the existence

of sulphated tyrosines (at positionsl2,and 21) on the HIV-1 coreceptor CXCR4
(Farzan, Mirzabekov et al. 1998)e not as critical for thbinding and entry of X4
HIV-1 variants (Farzan, Babcock et al. 2002). Interesginglr results show that

the peptide containing 6 sulphated tyrosines, whenjugated to the mCD4
moiety (MmMCD4-P3YSg), displayed equivalent potent inhibition for the R5
gp120-CD4 complexes binding to solubilized CCR5 as it did for X4 gp120-CD4
complexes binding to solubilized CX@RThus, perhaps the presence of the
mCD4, brings the sulphated peptide so close to the CoRBS and the basic V3 loop
of X4 gp120, that it is abl® form electrostatic intecéions and salbridges with

the CoRBS of X4 gp120. This is also true for the R5 gp120. Despite the general
difference in overall V3 loop charge between X4 gp120 and R5 gp120, such an
inhibitor targets botlenvelope tropisms.

Interestingly, interactions are madmeetween the CoRBS and the inhibitors’
sulphotyrosines, however, similar inteiaos are probably not observed / made
when the CD4 bound envelope binds to the N-terminal of CXCR4 containing
sulphotyrosines. This however, wouldad to be confirmed by crystallographic
studies of the gp120-CD4 complex together with the mCD4- P3Y8iitor.
Owing to the mCD4, the affinity of éh‘triggered’ envelope for the linked-
sulphated peptide is greatly increased and due to its small size, the spatial
proximity of the sulphated peptide is &agh it binds to the CoRBS strongly.
Thus, a range of differently charged Wdps (R5 varianpossessing a net V3
loop positive charge of 5 and that of an X4 variant is typically higher5) can

be targeted by the linked-GAG mimickingeptide. The sulphated inhibitory
molecule should contain at least one sulptiayrosine so that it can inhibit R5
viruses [as shown by (Huang, Lam et 2007), one sulphotyrosine binds at the
base of the R5 V3 loop a&een in the crystal strucg]jr Then for the sulphated
inhibitor molecule to also target X4 ehopes, it can contaimore sulphotyrosine
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residues because a typical X4 V3 loo laanet higher positive charge compared
to that of the R5 V3 loop. Therefr for the reason mentioned above, the
inhibitory peptide must containe 1 sulphotyrosine, and preferably more
sulphotyrosines so that it can target &bselopes and a range of X4 V3 loops,
including highly basic V3 loops.

All the mCD4-linked peptide GAG mimetiahibitors were tested in a PBMC
infection assay by our collaborators at the CEA, where laboratory-adapted HIV-1
strains (HIV-1 LAI [X4] and HIV-1 Ba-L [R5]) were usd to infectdonor PBMCs
either in the presence or absence of eabibitor. Interestingly, when cells were
infected with the X4 HIV-1 strain, all éhbivalent inhibitorgexcept mCD4-P3Y)
displayed Elgs that were below that of AZT, a nucleoside analog reverse-
transcriptase inhibitor that was apped for treatment of HIV-1 in 1987.
However, when the cells were infectedth the R5 strain, all the bivalent
inhibiters were ineffective (except mCD4-P3Ys$@t inhibiting HIV-1 entry.
Again, this suggests that these aniaompounds bind stronger to the CoRBS of
X4 envelopes than to the less postw charged CCR5 envelopes due to the
overall higher charge carried by the Y@®p of X4 envelopes (Moulard, Lortat-
Jacob et al. 2000). Thus, for both strains of HIV-1 (LAl and Ba-L), ag, BB
low a 1 nM was necessary for HIV-1 entry inhibition by mCD4-P3¥Y.Sis is
currently, the only entrynhibitor that targets bot@CR5 and CXCR4 utilizing
HIV-1 strains with sucha low effective dose. Inaddition, up to 1 pM
concentration, mCD4-P3YS@hows no sign of toxicity towards the cell. This
molecule has the potential to be used gsophylactic prevdion strategy or as a
treatment for people already infected with/-1 (microbicide). This new bivalent
molecule is relatively rapid to produce aheé usage of chiral amino acids can be
debated to escape recognition by host peseand the use of sulphonate (instead
of sulphate) could be considered where more stable than sulphates.

Not only is the sulphated GAG mimetieptide a huge success for HIV-1 entry
inhibition, but this mimetic will greatlydvance the glycobiologfield. This is so
since structural characisation of GAGs is so cumbersome, tedious and
technically challenging that the use opeptide, where the position and type of
negative change can be easily and rapidly modified, will enormously aid
structure-funtion analysis. For example, with the S(XDXSgquence, the
sulphates can be placed at different positions (on one extremity
S[XsDXsSXDXSXDXS], in the middle S[XDXSX¥DXsSXDXS] or throughout
S[XsDXsSXsDXsSXsDXsS]) and this can give a more refined idea of where and
which sulphated residues are critical for a certain protein-GAG interaction.
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Chapter 7: Side &#rojects

7.1 Screening of small natural molecules for HIV & entry
inhibitory capacity

Our ability to analyse molecules foreih ability to blo&k gp120-HS and gp120-

17b interactions, has attracted the atntf a company. In that context, using
the screening system described Figure 6.2 we investigated three naturally
derived small anionic molecules, extracfesin natural sources, for their ability

to inhibit gp120 (either CCR5 utilizing B or CXCR4 utilizing [X4]) from
binding to heparan sulphate, CD4 or to mAb 17esE molecules behave strongly

as HS-like molecules, i.e. they inhibit the binding of envelopes to both HS and (in the
presence of soluble CD4) mAb17b. This strongly suggests that these compounds bind
to clusters of basic residues on gpl120, which includes the CD4 induced epitope
(coreceptor binding site) (Vives, Imberty et al. 20fa5)R5 and X4 envelopes and

the V3 and V2 loops (Crublet, Andrieu et al. 2008), at least for X4 envelepdber
details on these experiments are withhigd confidentiality reasons, however,
micro molar 1Ges were calculated for these lacules with one molecule in
particular displaying a higher affinity ngpared to the other two. This work is
currently being prepad for publication.

7.2 Molecular mechanisms underlying the increase in
resistance to chemokines of R5 viruses in HIV infection

CCR5-utilizing viruses (R5) are predominant during the chronic, asymptomatic
stages of HIV-1 infection, while CXCR4-utilizing viruses (X4 or R5/X4) emerge
after several years later about half of the infected individuals who progress to
AIDS. Therefore, the other half of thef@ated individuals Wo progress to AIDS,
develop the disease in the presencerdy R5 viruses. Since CCR5 and CXCR4
are GPCRs, their natural binding partneisemokines, are abl® inhibit viral
entry by one of two ways; either by stadly inhibiting gp120 from accessing the
coreceptor binding site or by causing endosis of the coreceptor. However,
according to the literature, some R5 viruses develop increased infectivity and
resistance to inhibition by the chekines during infection. To define the
molecular mechanisms whereby theseusés become resistant to chemokine
inhibition, our collaborators at the InstitBasteur (Bernard Lagane) have cloned
various envelopes from a longitudinaligrnaive cohort, followed-up over several
years. These envelopes will be evaluated with an aim to test the hypothesis that
certain changes in the RBiv sequence are associated with the virus’s efficiency
to enter host cells and resistance to CCR5 chemakimbition. They speculate
that the resistance of certain R5 virsige inhibition by CCR5 chemokines may
be related to changestime virus’'s gp120 binding affinity for CD4 and CCR5. In
order to assess these assumptions, anllaborators will perform molecular
pharmacology and virology experiments ¢baracterize the receptor binding
properties of purified and radioactive monomeric gp120 and they will study the
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ability of different CCR5 chemokiseto prevent gpl120 binding to CCR5 and
viral entry.

My role in this project has been to asslee binding affinity of various cloned R5
and X4 envelopes for different bindimgceptors using SPR (as mentioned in
Chapter 6), including CD4, HS and 17b. Fome of the envepes, | have also
tested their ability to bindhe solubilized coreceptorinterestingly, the affinity
data | have obtained thus far for cert&rS envelopes and full length CDA4,
corresponds to thosepKdetermined by our collaborators using a competition
experiment on HEK CD4 expressing cellie binding data | obtained between
the CD4-bound envelopes and 17b, alsoatates with the tendency of certain
envelopes to bind better to CD4 thathers. Preliminary results from my
experiments and those of our collaboratodidate that affinity of viral envelopes
for CD4 does not increase in the course of HIV infection. This suggests that
increasing viral fitness and resistance clemokine inhibition as the disease
progresses could rely on changes ofieotsteps of the virus entry process
including binding to CCR5 or HS. In geoular, we propose that later-stage R5
envelopes might bind the CCR5 recepttifferently with probably a higher
affinity and are thus more virulenthis project will provide clues on some
aspects of HIV physiopathogenesis, including the mechanisms by which
phenotypic properties of R5ruses evolve during theourse of infection and
contribute to disease pragsion. It will shed light on the mechanisms that
account for the enhanced ability of R5 virsise infect cells expressing low levels
of HIV-1 entry receptors in late stages of infectioe.(monocytes, MDMs and
perhaps central memory CD¥ lymphocytes).
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Chapter 8: Methods

8.1 Materials

8.1.1 Biacore reagents and antibodies

A BlIAcore 3000 machine, CM4 sensorchip, amine coupling kit and HBS-P (10
mM HEPES, 150 mM NacCl, 3 mM EDTA),.005% surfactant P20, pH 7.4) were
from GE-Healthcare. Streptavidin wd®m Sigma. MN and YU2 gpl120 were
from Immunodiagnostic. Soluble CD4, aA7b and Cf2Th coreceptor expressing
cells were obtained tbugh the NIH AIDS Researchnd Reference Reagent
Program from Dr. Tajib Mirzabekovnd Dr. Joseph Sodroski. The antibodies
12G5, 12G5-conjugated to Fluorescein lsotyanate (FITC) were purchased
from R&D systems and 2D7 was from BD pharmingen. The HIV-1 entry
inhibitors AMD3100, Maraviroc, Aziothymidine (AZT), monoclonal antibody
(1C12) against CXCL12 and monoclonal antibody that recognises the N-
Terminal of SDF (K15C) were all kd gifts from Fernando Arenzana (Pasteur
Institute, Paris). The antibody 1D4 w&em Flint Box, University of British
Columbia. Complete, EDTA-free protease inhibitor tablets were from Roche
Diagnostics. Polyethylene glycol 8,080% w/v solution was purchased from
Hampton research. Wildype human chemokines CXCL12 CXCL12,
CXCL12 . conjugated to fluoresceiisothiocyanate (FITC), M1, the C-Terminal

of CXCL12 and the biotinylated C-terminal of CXCL12vere chemically
synthesized by the Merrifield solid phase method on a fully automated peptide
synthesizer using Fmo&{(9-fluorenyl)methoxycarbonylphemistry as described
previously (Amara, Lorthioir et al. 1999nd obtained from Francoise Baleux
(Institut Pasteur, Paris, France). Antibodies against HS (10E4), chondroitin-4-
sulphate and chondroitin€ilphate were purchased from Amsbio (Lugano,
Switzerland). FITC conjugated amtiouse antibody was purchased from
Interchim (Montlucon, France).

8.1.2 Lipids and detergents

Synthetic phospholipid blend 1,2-dealyl-sn-glycero-3-phosphocholine/1,2-
dioleoyl-sn-glycero-3-pospho-L-serine formulath (DOPC/DOPS; 7:3, wiw),
the Mini-Extruder kit, filter supportsnal polycarbonate filters with defined pore
diameter (100nm) were purchased frohwanti Polar Lipids. Detergents, n-
dodecyl- -D-maltopyranoside (DOM), 3-[(3-Cholamidopropyl)-dimethylamonio]
1-propane sulfonate/N,Nimethyl 3-sulfo-N-3- [3.,5 ,7 .,12 )-3,7,12-trihydroxy
-24oxocholan-24-yl] minoJmpyl] 1-propanaminium (Chaps) and Cholesteryl
Hemisuccinate Tris salt (CHS) were purchased from Anatrace (see
section8.10.3.1).
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8.2 Cell Culture and solubilization of co seceptors

8.2.1 Cell culture

The human chemokine receptors CXZRnd CCR5 were over expressed in
Cf2Th canine thymocyte cells as descdlpgeviously (Mirzabekov, Bannert et al.
1999). Both receptors contained a C-terminal linear C9 peptide tag
(TETSQVAPA) which is recognized by &h1D4 monoclonal antibody (Oprian,
Molday et al. 1987). Briefly, the Cf2T cell lines were maintained in
supplemented Dulbecco’s modified Eagle’s medium (DMEM) from Invitrogen
(Paris, France) supplemented with 10% heat-activated Fetal Calf Serum (FCS),
Glutamax (2 mM) and penicillin (0.5 M)/streptomycin (0.5 U/ml) antibiotics
from Invitrogen (Paris, France). TheZTh.CCR5 expressing cell lines contained
additional 500ug/ml zeocyn and 500ug/@#18 from Invitrogen (Paris, France)
and 3ug/ml puromycin from sigma ybn, France). Growth medium for the
Cf2Th.CXCR4 expressing cell lines waslditionally supplemented with 500
ug/ml G418 from Invitrogen (Paris, Frea). Cells were grown at 37 °C under 5%
CO, atmosphere and detached with ED{Versene) purchased from Invitrogen
(Paris, France).

8.2.2 Preparation of liposomes

The liposomes (final concentration of 3.3mM) were prepared as previously
described (Navratilova, Dioszegi et 2006). Briefly, a pre-determined volume of
synthetic Phospholipid Blend DOHTOPS (7:3, w/w) (see sectidh10.4) was
transferred into a glass test tube andimlipid film was formed on the side walls

of the glass tube by rotating the tube whaleporating all the chloroform using a
stream of nitrogen gas. Once all thdocbform had been evaporated, a HEPES
buffer (50mM Hepes, 150mM NaCl, pH 7.@ps added to dissolve the dry lipid
films. The lipid mixture was vortexed to facilitate dissolving the films. Then the
mixture was frozen, thawed, and vortexed four times. Unilamellar vesicles
(ULC)/liposomes were prepared byassical extrusion through a 100nm pore
diameter polycarbonate filter using anakti Mini-Extruder kit. Liposomes were
freshly extruded for every experiment.

8.2.3 Coreceptor Solubilization

The CCR5 and CXCR4 solubilisation ppobl was adapted from a described
procedure (Navratilova, Sodroski et aD05). Briefly Cf2h.CXCR4 expressing
cells (5-8x16) were solubilised in 1 ml buffer consisting of 100 mM @3y,

20 mM Tris-HCI (pH 7.5), 10% glycerpll5% PEG 8000, protease inhibitors,
CHS (0.2%), DOM (1.5%), CHAPS (24 and 0.33mM DOPC:DOPS liposomes
The cell suspension was sonicated (6 ydkses) and placed on a rotating wheel
at 4°C for 3 hours. The solutions coniag the solubilised coreceptors were
centrifuged at 14 000 rpm for 3finutes at 4°C and the supernatants were either
used directly in SPR analysis or stored at -80°C until further use.
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8.3 Protein electrophoresis and Immunodetection of Proteins

8.3.1 Immunoprecipitation

Protein G beads (Thermo Scientific) werged to immunopréutate either gp120
(MN or YU2) or previously solubilist GPCR (CXCR4 or CCR5). In general,
protein G beads were incubated for 1 thatiroom temperature under agitation
with either 2-5ug of the polyclongoat anti gp120 (D7324, Aalto Bio Reagents)
or with monoclonal mouse anti QaD4). The D7324 bound- and ID4 bound-
beads were then washed in PBS fom3@utes. A pre-incubated complex of 2ug
gp120 with either 1uM mCD4, or 1uM Hgor 1uM mCD4-HS,; was added to

the D7324 bound beads and incubated for one hour at room temperature under
gentle agitation in an incuban buffer (50mM HEPES, 5mM Mggl 1mM
CaCb, 150mM NaCl pH 7.0). For the 1Ddounds beads, 100ul of solubilised
coreceptors (either CCR5 or CXCR4h the solubilization solution (see
section8.2.3) were added and incubated witle beads for one hour at room
temperature under gentle agitation. The keadre then centrifuged to remove
any unbound material and 100pl of solubilised GPCRs (either CCR5 or CXCR4)
was added to the gp120-BB/HBSnCD4-HS-bound beads and a pre-incubated
complex of 2ug gp120 with #gier 1uM mCD4, or 1uM HS or 1uM mCD4-HS;

was added to the 1D4-bound protein €atts. These complexes were incubated
for one hour under gentle agitation and thentrifuged and wasld three times in
solubilization solution. After the final veaing step, the beads were pelleted and
resuspended in SDS- Polyacrylamide Gel Electrophoresis (PAGE) sample loading
buffer (see sectioB.10.1.1) and <50pl of solubilizain solution and then boiled

for 10 minutes at 100°C in preparatiornr fgel electrophoresisThe beads were
then pelleted and the supernatants vdegosited onto the gel for electrophoresis.

8.3.2 Protein Electrophoresis

Immunoprecipitated proteingor lipid/detergent solubsed coreceptors) were
added to a quarter of the volanof 5 x sample buffer (Sectidh10.1.1), and
boiled for ten minutes. Samples were tesd on 12% SDS-polyacrylamide gels
according to a standard protocol (Sect®ni0.1.2). Gels were then used for
Western Blotting.

8.3.3 Immunoblotting (Western Blot)

Western blotting of gels was perforcheaccording to a standard protocol
(described in sectioB.10.2). Two primary antibodies were used during western
blotting and immunoprecipitation: ID4d D-7324 were added to the membrane
for one hour at room temperature.
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8.4 Removal of cell surface oligosaccharides

8.4.1 NaChlorate treatment

Chlorate is known to be an in vitnmhibitor of ATP— siphurylase, the first
enzyme in the biosynthesis of PAEESPhosphoadenosine-5'-phosphosulfdte),
high-energy sulphate donor in biologiaalactions. Chlorate competes with the
sulphate ions (PAPS) that bind RTsulphurylase and thus affects HS
biosynthesis by reducing N- and Oqsltion (Leong, Morrissey et al. 1995;
Safaiyan, Kolset et al. 1999). Sodium chke is toxic at high concentrations for
the cells, however at lower doses HS Géltains are produced but not sulphated.
Na Chlorate was freshly prepared for eaell culture treatment and cells (CEM
and Cf2Th) were passaged up to three timeke presence of 30mM Na Chlorate
each day. Cells were harvested and then us#darescence-activated cell sorter
(FACS) analysis.

8.4.2 Enzymatic digestion

The following three enzymes were uséd the laboratory; Heparinase |,
Heparinase Il and Chondroitinase ABCepérinase | digests the HP and HS at
the link between hexosamine and O-sulfateonic acid. Heparinase Il cuts the
link between the hexosamine and glwnic acid in HS. Chondroitinase ABC
digests the chondroitin sulfates A, B@rat the link between the hexosamine and
uronic acid (iduronic or glucuror)icFor each enzymatic digestion, 5%bells per

ml were detached from the culture flask with versene (Invitrogen) and
resuspended in 500ul digestion buffer (5% fetal calf serum, 2mM, Qa&PMI
medium) containing 50 mu Heparinasenddl and 1 U Chondroitinase ABC. The
cells were incubated at 37°C for one haunder agitation, washed in PBS and
then were used in FACS analysis.

8.5 Separation of dodecasaccharides

Heparan sulphate (HS) dodecasaccharideere prepared by Rabia Sadir as
previously described (Sadir, Baleux et 2001). In order to fractionate the HS
samples into sub-populations of diffetly sulphated oligosaccharides, the
dodecasaccharides were resolved ahded from a ProPac PA1 9 x 250mm
HPLC column in NaCl at pH 3.0. Befoodigosaccharide elution, the column was
equilibrated in Mili Q water with the pH adjusted to 3.0 with HPLC grade HCI. A
three stage linear salt gradient wasf@rened for the elution; from 0 to 400mM
NaCl for 10 mins, then from 400mM t©4M NaCl over one hour and then from
1.4M to 2M in 5 minutes at a flow ratd 5ml/min. To eluteall oligosaccharide
species from the column, 2M NaCl 80 was passed through the column for 36
minutes after each gradient. Fractions (5ml) were collected and pooled according
to their absorbance profile at 232nm. Tgwoled fractions were desalted through
multiple dialysis passages (6 changes of water of 5 hours each) in Mili Q water
using dialysis membranes (Spec®P®R 7 dialysis Membrane, MWCO 1000,
spectra labs). After a total of 19 ruequivalent of 95mg of fractionated I

the desalted oligosaccharides weeefre-dried and then the amount of J8as
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determined by weighing and measuesh of UV absorbance at 232 nm.
Oligosaccharides were stored at -20°C until further use.

8.5.1 Quantification of HS

When quantifying the amount of oligosaacides obtained in the library, two
measurements were made; that of the weight and the UV absorbance at 232nm.
The latter required a stdard curve and this was made using the,Hlisat was
size-separated using gel-filtration \W13300 g/mol). Solutions at 0, 1.25, 2.5, 5,

10, 20, 30 and 50 uM were prepared areldbsorbance at 232 nm was measured

in a quartz cuvette.

8.5.2 Estimation of purity

The purity of each HS fraction was assessed hynning the samples in a PAGE
analysis. Oligosaccharides (in@ 20% glycerol) were run through a stacking gel
(5% acrylamide [49:1 ratio], 2% temed) a constant voltage of 150V for one
hour, then through a separation gel (30% lacnyde [19:1 ratio], 5% temed) at a
constant current of 25mA for 3-4 houi&he running buffer is 25 mM Tris, 192
mM Glycine pH 8.3 and the molecular weight maker is a mixture of bromophenol
blue, phenol red and Xyanblue in 20% glycerol. Oncthe oligosaccharides had
reached the end of the separation ¢@inds were visualised by staining with
0.08% aqueous Azure A for 10 minutes dhed gel was subsequently washed to
remove excess stain.

8.6 Study of protein grotein interactions using surface

plasmon resonance

8.6.1 CXCL12binding to CXCR4

To study the interaain between CXCR4 and sit ligands (antibodies,
chemokines), CM4 sensorchips were activated with 5@f 0.2 M N-ethyl-N’-
(diethylaminopropyl)-carbodiimidg EDC) and 0.05 M N-hydroxy-succimide
(NHS) at 5 L/min. Initially, mAb 1D4 (5 g/mL in 10 mM acetate buffer, pH 5)
was injected at 5L/min over one of the EDC/NHS actited flow cell until levels

of approximately 7000 response units))(were obtained. Solubilized CXCR4
coreceptors were captured via the intBoacbetween its C9 C-terminal tag and
the ID4 immobilized on the CM4 chip surfaaéa flow rate obul/min to yield
approximately 3000 ruSurfaces were then blocked with pH 8.5 1 M ethanolamine
for 5 minutes.The solubilised CXCR4 capture was performed in the running
buffer (50mM HEPES ph 7.0, 150mM NaGPs6 glycerol, 5 % PEG 8000, 5 uM
CaCh, 1 uM MgCh, 0,1 % DDM, 0,1 % CHAPSD,02 % CHS, 50 nM 7 :3
DOPC :DOPS, 3% DMSO and 0,2 mg/ml BS&)d then the system was left to
run at Sul/min for approximately 20 mireg to allow for reconstitution of the
lipid bilayer around the captured GPCRsteractions between the solubilised
coreceptors and their nnmal ligands (CXCL12 and CXCL12) and antibodies
(12G5, 4G10 and antisulphotyrosine), were observed in real-time.
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Samples were injected over both the coremegnd control (mAb ID4) surfaces at
a flow rate of 50-100 pl/min for 1 mute and 5pl/min for 12 minutes for the
ligand and antibodies respeetly. After each CXCL12 and mAb injection, the
1D4 surfaces were regenerated with 10mM NaOH containingnddityl- -D-
glucopyranoside at 100pl/min (Navrawa, Sodroski et al. 2005). However, no
regeneration was requiredetween the different coentration injections of
CXCL12. and the ligand dissociates fulfyom the bound coreceptors. The
affinity of the CXCR4-CXCL12 interaction was determined by injecting a range
of concentrations from lowest thighest (5, 10, 20, 30 and 50nM) over the
CXCR4 and control surfaces so as to miisie the accumulation of the chemokine
on the surface. The experiments were all performed in triplicate and binding
curves were analyzed with Bévaluation (GE Healthcare).

When performing biacore kinetic analysis, mass transport limitations and re-
binding are important factors to taketdnaccount. Lower surface densities of
receptor are favoured so as to decreaserdke of kinetidigand binding and a
higher flow rate is preferred so as to ease the rate of transfer of the analyte to
the surface. With lower flow rates, théaat which the surface binds the analyte
may exceed the rate at which the analyte can be delivered to the surface;
consequently, the measured@dation rate constant.@x is slower than the true

kon. Then when the analyte is dissoaigti it can rebind to the unoccupied ligand
before diffusing out of the matrixnd being washed from the flow cell;
consequently, the measured dissociation rate constant (apiajestslower than

the truekos. Although the dextran matrix may aygerate these kinetic artefacts
(mass transport limitations and re-bindintghey can affect all surface-binding
techniques.

8.6.2 Screening HSmimetic peptides

The interactions between gpl20 and ligands (CD4, mAb 17b, CCR5 and

CXCR4) were analyzed by SPR technology. For that purpose, CM4 sensorchips

were activated with 50L of 0.2 M EDC and 0.05 M NHS at 3./min. Then,

soluble CD4 (10 g/mL in 10 mM acetate buffer, pH 5), streptavidin (2@0mL

in 10 mM acetate buffer, pH 4.2), mAb 17b (§mL in 10 mM acetate buffer,

pH 5) or mAb 1D4 (5 g/mL in 10 mM acetate buffer, pH 5) were injected at 5
L/min over one of the EDC/NHS activatdidw cell until levels of 1200 (for

sCD4), 700 (for mAb 17b), 3000 (for gitavidin) or 6000 @r mAb 1D4) ru

were achieved. Surfaces were then kémtwith pH 8.5 1 M ethanolamine for 5

minutes. In some cases, gpl120 was alsmobilized onto CM4 sensorchip. For

this, MN (50 g/ml in 5 mM maleate buffer, pH 6) or YU2 (5¢mL in 10 mM

acetate buffer, pH 4.8) were injected atl5min over an EDC/NHS activated

flow cell until levels of 4500 RU was obtead. Surfaces were then blocked with

pH 8.5 1M ethanolamine for 5 minuteBlolecules under investigation were

injected over the different surfaces and the binding responses were recorded as a

function of time.

The 1D4 surface was then equilibratetbia running buffer consisting of 50mM
HEPES pH 7.0, 150 mM NacCl, 5¢lycerol, 5 % PEG 8000, 9V CaCk, 1 M
MgClz, 0.1 % DDM, 0.1 % CHAPS, 0.02 % CHS, B! of 7:3 DOPC:DOPS and
0.1 mg/ml BSA. Solubilised CXCR4 &@CRS5, in the above described liposome

182


































































































































































































































































	Chapter 1: HIV

