Chemokine Recognition and
Signalling by the Chemokine
Receptor CCR1

Julie Sanchez
B.Sc., M.E.

A thesis submitted for the degree of Doctor of Philosophy at
Monash University in 2017
Department of Biochemistry and Molecular Biology
The Faculty of Medicine, Nursing and Health Sciences

Copyright Notice

Copyright notice
© Julie Sanchez (2017).
I certify that I have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work without
the owner's permission.

III

Abstract

Abstract

Inflammation is a natural response of our bodies to injury or infection. This protective
mechanism involves the recruitment of leukocytes to the damaged area and is driven in part by
chemokines expressed by the affected tissues. Chemokines are small soluble proteins that stimulate
leukocyte recruitment by activation of chemokine receptors, a subfamily of G protein-coupled
receptors (GPCRs) expressed on leukocytes. Chemokine:receptor interactions play critical roles in a
wide range of inflammatory diseases, such as multiple sclerosis and asthma, as well as in HIV, cancer
and diabetes.
To describe chemokine:receptor interactions, the two-site model was developed in 1997 by
Crump et al. In this model, two sites of interaction are separated both spatially and functionally. Site
1, involving the N-terminus of the receptor and a small groove on the chemokine core, is considered
to provide the dominant interactions required for binding, whereas site 2, involving the N-terminus
of the chemokine and the receptor transmembrane bundle, is involved only in receptor activation.
Among the chemokine receptor family, CCR1 is particularly interesting because it is
recognised as a drug target for multiple sclerosis and rheumatoid arthritis but is a highly promiscuous
receptor, as it can recognise more than nine CC chemokines, including HCC-2/CCL15, MCP-3/CCL7
and MCP-2/CCL8. The existence of multiple ligands for the same receptor was once considered to
be redundancy. However, it is now recognised that receptors can exhibit biased agonism, the ability
to give different signalling responses depending on which ligand it is bound to. In Chapter 3, we
characterised biased agonism at CCR1 by measuring activation of several signalling pathways
(ERK1/2 phosphorylation, inhibition of cAMP production, β-arrestin recruitment and G protein
activation). Bias factors calculated from these data showed that CCR1 exhibits biased agonism. To
further investigate this phenomenon, we studied the effects of post-translational tyrosine sulfation of
the receptor and N-terminal modifications of the chemokines. Our results showed that the chemokine
N-terminus is crucial for receptor activation as predicted by the two-site model. However, it might
not be the only important region.
The results of Chapter 3 led us to explore the two-site model further, as it seemed not to be
entirely applicable to CCR1. In Chapter 4, we studied site 1 interactions by comparing the affinities
of chemokines for CCR1 and for peptides with the sequence of the CCR1 N-terminus. The data
showed that the receptor N-terminus was not sufficient to account for the total binding affinity or
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chemokine selectivity. In addition, to investigate site 2 interactions, ten chimeric chemokines between
MCP-1 and MCP-3 were tested for CCR1 activation, showing that the important regions of the
chemokine for CCR1 activation were the N-terminus as expected, but also the N-loop, which was
unexpected. Based on these results, we proposed an elaboration of the two-site model, which is
discussed in Chapter 6.
A significant effort has been made to develop chemokine receptor antagonists that inhibit
pathological leukocyte trafficking. However, it has proved to be a huge challenge due the complexity
of the chemokine:receptor network. Thus, there is much interest in developing new ways of
modulating leukocyte recruitment, including the use of chemokine antagonists. Previously,
chemokine-inhibitory activity in the saliva of one tick species has been attributed to three small
proteins called evasins. These evasins are thought to enable the tick to avoid immune detection by its
host, thus prolonging blood feeding. In Chapter 5, we hypothesised that other ticks also produce
evasins to disrupt the host immune system so we set out to identify more members of the evasin
family from a variety of tick species. We used sequence-based searches and bioinformatic tools to
identify 257 putative members from three tick genera. Twelve promising candidates were expressed
and screened for chemokine-binding activity using a fluorescence anisotropy assay. Eight candidates
bound to chemokines and three out of four candidates tested showed chemokine-inhibitory activity.
Overall, this project provides novel information in the chemokine and evasin fields. We
characterised CCR1 biased agonism and proposed an extended model to describe chemokine:receptor
interactions. In addition, we identified novel evasins able to inhibit chemokine activity. These results
will contribute to ongoing efforts to improve our understanding of the chemokine:receptor network
and will help the development of chemokine antagonists as therapeutics for inflammatory diseases.
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1.1.

Biological Background

1.1.1. Inflammation and Diseases
Inflammation is a healthy reaction of our body to various types of trauma, such as pathogens, damaged
cells or irritants, and is part of a highly complex biological response of vascular tissues to these harmful stimuli.
Inflammation is a protective attempt by an organism to remove the source of trauma and initiate the healing
process. This process involves the activation and maturation of our immune system for it to be ready to fight
any invader recognised as foreign. The five common expressions of inflammation are heat, redness, swelling,
pain and loss of function [1]. Inflammation can be classified as either acute or chronic depending on the
duration of the disease development, acute conditions being sudden and chronic conditions being, by contrast,
long-developing syndromes. Without inflammatory responses, wounds and infections would never heal and
progressive destruction of the tissue would compromise the survival of the organism.
Acute inflammation is the initial response of the body to a sudden threat, including pathogen infection
or tissue damage and it involves the increased movement of plasma and leukocytes from the blood to the site
of inflammation [2]. In order to recruit efficiently all the different players of this immune response, a series of
biochemical events takes place involving the local vascular system, the immune system and various cells
within the injured tissue. Inflammation is not a synonym of infection, but they can be related, as infection
might generate an immune response.
Chronic or prolonged inflammation features similar biological processes as acute inflammation but
over longer and repeated stages. This causes a progressive change in the type of cells present at the site of
inflammation and generates the simultaneous destruction and repair of the tissue. Chronic inflammation can
lead to various diseases, such as atherosclerosis, rheumatoid arthritis (RA), diabetes, allergies, hay fever,
asthma, periodontitis and even cancer. In some cases, our normally helpful immune system is mistakenly
activated when there is no invader to combat and starts degrading healthy surrounding tissues that are wrongly
recognised as foreign. This type of malfunction can lead to auto-immune diseases [3] such as multiple sclerosis
(MS) or lupus.

1.1.2. Leukocyte Recruitment
During an inflammatory response, different physiological events are necessary to allow leukocytes to
travel from the blood to the site of inflammation [4]. The leukocyte recruitment is driven, in part, by small
proteins known as chemokines, which are secreted by the injured tissues and form a concentration gradient to
guide the leukocytes [5]. This leukocyte migration involves a multi-step process that is summarised in Figure
1.1. Upon injury or infection, damaged extravascular cells secrete chemokines (dark blue half-circles) as an
alarm signal. These chemokines accumulate on glycosaminoglycans (GAGs) [6-8] to form a chemokine
gradient that reaches the blood vessels, which provides directional signals for migrating cells. Leukocytes
present in blood vessels, naturally circulate in the blood and roll along the endothelium using interactions with
adhesion molecules called selectins (orange and green) in order to sense and probe their microenvironment.
The interactions between selectin and leukocyte are labile and do not prevent leukocyte
3
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Figure 1.1: Leukocyte Trafficking Process [5]. This scheme describes the different stages involved in
leukocyte recruitment by chemokines. Chemokine ligands are shown as dark blue half-circles, the receptors
are shown in dark blue and leukocytes are shown as purple cells. Leukocytes, naturally tethering and rolling
in the blood vessels, start to firmly adhere and ultimately migrate through the endothelium when activated by
chemokines through chemokine receptors expressed on the surface of leukocytes. Once out of the blood vessel,
leukocytes migrate to the site of inflammation by following the chemokine gradient.
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movement. However, when the leukocytes encounter GAG-immobilised chemokines, the chemokines can bind
to their cognate G protein-coupled receptors (GPCRs) on the leukocyte surface, which leads to the activation
of another type of adhesion molecules named integrins (pink and dark red). This phase, which marks the end
of the rolling phase, is called firm adhesion. Once arrested on the endothelium and still under chemokine
activation, leukocytes undergo complex shape modifications [9] to extravasate between endothelial cells into
the surrounding tissue. The final phase of the leukocyte journey is the chemotaxis along the chemokine gradient
to the site of tissue injury.

1.2. Chemokines
1.2.1. Biological Function
Chemokines are chemotactic cytokines that participate in both innate and adaptive immunity. They
form a family of small soluble proteins (8–12 kDa) that play essential roles in leukocyte recruitment to the site
of inflammation [10]. They are indeed responsible for the trafficking and activation of leukocytes through
interactions with their receptors [11]. They mainly act on monocytes, lymphocytes, basophils, eosinophils and
neutrophils and play a pivotal role in host defence mechanisms. Over 50 chemokines have been identified in
humans [12] and the sequence identity between chemokines varies from 20 to 90%. The recognition of
chemokines as chemotactic molecules came after the detailed study of interleukin 8 (IL-8 or CXCL8) in 1987
[13], despite the fact that the first chemokine discovered was platelet factor 4 (PF4 or CXCL4) [14] a decade
before. Since then, chemokines have become best known for their roles in immune surveillance and defence
to resolve physiological abnormalities. As the chemokine:chemokine receptor interactions are highly complex,
it is challenging to describe their involvement in disease mechanisms. However, incorrect regulation of these
proteins can lead to an extraordinary number of diseases including inflammatory allergies, asthma,
atherosclerosis, cancer and AIDS. Hence it is of significant interest to understand better how these small
proteins function in order to develop better drugs to block or regulate their activities.

1.2.2. Classification
Chemokines are divided into four subfamilies, two major subfamilies CC and CXC (previously known
as β and α chemokines respectively), and two minor subfamilies C and CX3C (previously known as γ and δ
chemokines respectively). The classification is based on the relative position of their highly conserved aminoterminal cysteine residues [15]. These cysteine residues are one amino acid apart for the CXC family or directly
adjacent to each other for the CC family. The chemokines used to be named and classified according to their
main biological functions but as more chemokines were discovered, this traditional classification became
confusing, which is why the systematic nomenclature was introduced. In this thesis, abbreviated common
names are used to name chemokines, although full common names, abbreviated names and systematic names
will be given when chemokines are mentioned for the first time. In addition, a correspondence table providing
all three chemokine names is available in Appendix I, Table 1.
Chemokines can also be classified according to their predominant patterns of expression, depending
on their inducible or constitutive nature. Pro-inflammatory or inducible chemokines control the activation and
5
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migration of leukocytes in case of sudden invasion [16]. On the other hand, homeostatic or constitutive
chemokines interact with leukocytes for general immune surveillance and maintenance of healthy tissues and
during induction of adaptive immune responses [17]. Some more recent studies suggest that some chemokines
are involved in both functions [18].

1.2.3. Structure
Despite some variety in their primary structures, chemokines share highly similar secondary and
tertiary structures. The three-dimensional general fold of chemokines is well known and is usually solved using
NMR spectroscopy or X-ray crystallography. This structure illustrated in Figure 1.2, consists of an
unstructured and highly flexible N-terminus (magenta), conserved mono- or di-cysteine motif (yellow)
followed by an irregularly structured region called the N-loop (green), a 310-turn and a triple-stranded
antiparallel β-sheet (cyan) packed against a C-terminal α-helix (red). Most chemokines also have two disulfide
bonds formed by four conserved cysteine residues. However some chemokines, such as hemofiltrate CC
chemokine 2 (HCC-2 or CCL15), have an additional disulfide bond. The first cysteine residue (conserved
cysteine motif) of the sequence is linked to the third one (30s loop, between β1 and β2 strands) and the second
cysteine residue (conserved cysteine motif) binds to the fourth one (β3 strand) to form the disulfide bridges.
Whereas some chemokines are constitutively monomeric, most chemokines have the ability to
oligomerise in solution and form dimers, tetramers and higher order oligomers. The structures of oligomers
differ between families although the monomeric fold of all chemokines is very similar. As shown in Figure
1.3, the CXC chemokines dimerise with structures similar to IL-8 [19], generating a globular dimer, with the
dimer interface involving the β1-strands. By contrast, the CC chemokines dimerise by forming elongated
structures like monocyte chemoattractant protein 1 (MCP-1 or CCL2 [20], with the dimer interface involving
the N-termini. Several chemokines such as hemofiltrate CC chemokine 1 (HCC-1 or CCL14) [21] have been
reported as tetramers in solution. The tetramers are generally the result from dimerisation of dimers, although
other possibilities are not excluded. Even higher order oligomers can be formed but are harder to study because
of their higher molecular weight and heterogeneity.
Although chemokines are present in various oligomeric forms in our bodies, it is mainly the
monomeric form that binds to the receptor to induce chemotaxis [22]. Despite the fact that oligomerisation is
not required for receptor activation, it is still a highly important phenomenon as it is required for in vivo
function [23]. Oligomerisation is involved in GAG binding [24] which promotes chemokine localisation and
chemokine gradient formation, which is vital for leukocyte trafficking. In fact, some mutational studies
revealed that engineered monomers that could activate receptors but not bind to GAGs were non-functional in
vivo.
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N-loop

α helix
310 turn

β-sheet

N-terminus

C-terminus

30s loop

CC motif

Figure 1.2: Typical Tertiary Structure of Chemokines. Structure of monocyte chemoattractant protein 3
(MCP-3 or CCL7) showing the location of structural elements labelled in bold (PDB ID: 1ncv [25]). The Nterminus is shown in magenta, the CC motif and two disulfide bridges are in yellow, the N-loop in green, the
three-stranded β-sheet in cyan and the α-helix in red.
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Figure 1.3: Oligomeric Structures of Chemokines [26]. (a,b) Dimer structures of (a) IL-8 and (b) MCP-1,
highlighting the distinct dimer interfaces for CXC and CC chemokines, respectively. (c) Tetramer structure of
MCP-1, highlighting: (left) the CXC-type dimer interfaces (cyan to grey and magenta to yellow protomers);
(centre) the CC-type dimer interfaces (cyan to magenta and yellow to grey protomers); and (right) the highly
electropositive (dark blue) surface involved in GAG binding.
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1.2.4. Post-Translational Modifications
As secreted proteins, chemokines can be post-translationally modified in different ways, including
glycosylation [27-29], citrullination [30, 31], oxidation [32] or proteolytic processing [33, 34]. Proteolytic
processing affects biological functions of most chemokines in a crucial way. This can be explained by the fact
that the N-terminal part of chemokines is a key region for receptor activation [35-37]. Structure-function
studies have highlighted how damaging N-terminal modifications can be for chemokine function [38, 39].
However, this is not always the case and some natural N-terminal truncations can actually increase the activity
of chemokines at their receptors by removing a long signal peptide for example. The intricacy of chemokine
N-terminal truncation is particularly obvious when considering the two chemokines HCC-1 and HCC-2. Fulllength HCC-1(1-74) and HCC-2(1-92) are weak agonists of the receptor CCR1 but are later cleaved to give
HCC-1(9-74) and HCC-2(27-92), both potent agonists of CCR1 [40, 41]. However, further processing
produces biologically inactive HCC-1(11-74) [42] or lower affinity truncated HCC-2 proteins (HCC-2(28-92),
(29-92), (30-92) and (31-92)). This illustrates the importance of optimum N-terminal processing to yield the
most efficacious version of each chemokine.

1.3.

Chemokine Receptors

1.3.1. Biological Function
Chemokine receptors belong to the G protein-coupled receptor (GPCR) superfamily, more particularly
to the rhodopsin-like class (Class A) [43]. Since the cloning of the first chemokine receptor (IL-8 receptor) in
1991 [44], they have been implicated in a very large number of diseases such as cancer [45], atherosclerosis
[46] or type 1 diabetes [47]. Most of these diseases are inflammatory diseases [48], chronic or acute, involving
inappropriate regulation of leukocyte trafficking, creating a lack or an accumulation of these cells in specific
tissues. However, a significant amount of work has been directed towards the receptors CXCR4 and CCR5
because they are also involved as co-receptors for HIV infection [49, 50]. The fact that individuals who lack
CCR5 are naturally resistant to HIV infection and do not present any apparent health problems [51], was an
interesting starting point. It was then reported that the receptors assist viral entry by interacting with the viral
surface glycoprotein gp120 [52, 53]. These results opened the door for CXCR4 and CCR5 antagonist design
as it seemed that blocking the function of these receptors by using antagonists, or even promoting receptor
internalisation, may provide an effective way of fighting viral entry without significantly affecting the health
of patients [54, 55].

1.3.2. Classification
Around 25 chemokine receptors have currently been identified and they are classified according to the
chemokines they recognise [56]. Like the chemokine family, they are divided into four subfamilies, two major
subfamilies CC and CXC, and two minor subfamilies C and CX3C. In addition to these active mammalian
chemokine receptors, there are some atypical receptors, such as Duffy Antigen and Receptor for Chemokines
(DARC) and D6, which are structurally similar to chemokine receptors but do not signal upon binding to
chemokines [57] and some virus-encoded chemokine decoy receptors [58].
9
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1.3.3. Chemokine:Chemokine Receptor Network
As mentioned earlier, the chemokine receptor and chemokine families include around 25 receptors
and 50 ligands. Whereas some receptor:ligand interactions are specific, a majority of the receptors recognise
several chemokines and most chemokines activate multiple receptors [59]. The chemokine:chemokine receptor
binding selectivities are illustrated in Figure 1.4. Despite a lack of consistency in the literature, as different
articles can report different selectivities especially among the shared receptors, it gives a good idea of how
complex this binding network can be. The complexity of this network used to be seen as representing
redundancy, which was consistent with the idea that GPCRs have only two conformations, one active and one
inactive. However, this on-off switch model for the GPCRs is no longer valid, as it is now known that GPCRs
are highly dynamic proteins. They can be stabilised in several conformations and therefore the idea that two
ligands might activate the same receptor in two different ways is increasingly accepted.

1.4.

G Protein-Coupled Receptors

1.4.1. The GPCR Superfamily
Chemokine receptors are members of the GPCR superfamily. GPCRs, also known as seven
transmembrane (7TM) receptors, constitute the largest family of cell surface receptors. There are over 800
members in this superfamily that are expressed in numerous cell types throughout the human body and they
play a crucial role in communication processes by transmitting extracellular information into the cell. GPCRs
can detect a diverse array of extracellular stimuli or ligands, including hormones, neurotransmitters,
metabolites, peptides, chemokines, ions and photons [60, 61]. Because of this variety of ligands, GPCRs are
involved in regulating almost all biological processes in our bodies, which reinforces the importance of
improving our knowledge in this field.
GPCRs are divided into five major families based on sequence similarity: class A (rhodopsin), class
B (secretin), class C (glutamate), class F (frizzled) and class G (adhesion) [62]. The most obvious way to
distinguish between families is to examine the length, structure and function of the N-terminal extracellular
domain of the receptors. The class A GPCRs have small extracellular domains which mainly help receptor
folding and trafficking to the plasma membrane [63]. They form the largest family and are further divided into
four subfamilies and various subgroups [64]. All four remaining families have large extracellular domains
which mainly differ by their structure and function [65-68].
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Figure 1.4: The Human Chemokine:Receptor Network [26]. Human chemokines and receptors are listed
with symbols indicating whether they are specified as agonists or antagonists (or not specified) in the IUPHAR
database. Note that, although CXCL1 is listed as a CXCR1 agonist in IUPHAR, the database reference suggests
that it is actually an antagonist [69].
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1.4.2. Structure
All GPCRs share the same basic structure shown in Figure 1.5. They are made of a single protein chain
that starts with an extracellular N-terminal region, then forms a bundle of seven α-helical transmembrane (TM)
regions linked by alternating intracellular (ICL1-3) and extracellular loops (ECL1-3) and ends with an
intracellular C-terminal region, which usually contains a small α-helix anchored to the plasma membrane [7072]. The TM helices are numbered from TM1 to TM7 with the small C-terminal α-helix called helix-8. Another
common structural feature of the GPCR structure is the presence of a disulfide bridge between the extracellular
end of TM3 and ECL2, which contributes to receptor stability [73]. The extracellular ends of the TM domains
along with the ECLs of the receptor form a cavity that, in the majority of class A GPCRs, serves as the binding
site for the endogenous ligand, also known as the orthosteric binding site [74, 75]. Similarly, the intracellular
ends of the TM domains along with the ICLs and the C-terminus form a cavity that serves as the binding site
for intracellular signalling proteins which enables signal transduction into the cell. The main family of
intracellular signalling effectors that bind and are activated by GPCRs is the heterotrimeric guanine nucleotide
binding protein family, or G protein family, hence the names of the receptor superfamily. Interactions between
GPCRs and G proteins are complex and may slightly vary between receptors and G proteins. However, the
main interaction site involves the ICL2 and intracellular ends of TM5 and TM6 of the receptor [76, 77].

1.4.3. Function and Signalling
In order to transmit the extracellular signal into the cell and initiate multiple signalling pathways
(Figure 1.6), GPCRs have to interact with intracellular effectors, which are mainly heterotrimeric G proteins.
The three G protein subunits are Gα, Gβ and Gγ [78]. Upon activation, GPCRs function as guanine nucleotide
exchange factors (GEFs) which allows the α subunit of the heterotrimeric G protein to transition from inactive
(GDP-bound) to active (GTP-bound) [79, 80] and to dissociate from the βγ subunits [81, 82]. Both Gα and
Gβγ are able to interact with other effectors to generate signal transduction [83].
The Gα proteins are divided into four major classes based on their sequence and function: Gαs
stimulates the production of cAMP by activating adenylyl cyclase (AC) [84, 85]; Gαi/o inhibits the production
of cAMP by inhibiting AC [86]; Gαq/11 activates phospholipase C β, generating second messengers like IP3
[87] to ultimately upregulate the level of intracellular calcium [88]; and finally Gα12/13 is related to Rho
signalling, which is mainly linked to cytoskeletal rearrangements needed for cell growth [89, 90].
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Figure 1.5: Typical Chemokine Receptor Structure. Structure of one monomer unit of the chemokine
receptor CCR5 bound to the drug maraviroc (PDB ID: 4mbs [91]). Transmembrane helices are coloured
salmon (TM1), orange (TM2), yellow (TM3), green (TM4), cyan (TM5), violet (TM6) and magenta (TM7)
and maraviroc is shown as sticks. The N-terminus is extracellular and the C-terminus is intracellular. They are
shown in grey along with the three extracellular and intracellular loops (ECLs and ICLs respectively).
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The Gβγ dimer can act as a Gα inhibitor when bound to a Gα subunit, because it favours the interaction
between Gα and GDP. However, when the Gβγ complex is dissociated from Gα, it can also participate in the
signalling cascade [92]. For example, Gβγ can regulate ion channels [93] and is also involved in
phosphorylation of the extracellular signal–regulated kinases 1 and 2 (ERK1/2) via the protein kinase C/protein
kinase A pathway [94]. Furthermore, the Gβγ dimer is involved in receptor phosphorylation mediated by G
protein-coupled receptor kinases (GRKs) [95]. This leads to uncoupling from the G protein and recruitment of
β-arrestins, which is known as receptor desensitisation [96].
The arrestin family also includes four subtypes. Arrestin-1 (visual arrestin) and arrestin-4 (cone
arrestin) are located exclusively in retinal rods and cones. Arrestin-2 (or β-arrestin 1) and arrestin-3 (or βarrestin 2) are non-visual arrestins that are expressed in numerous cell types. The affinity of β-arrestins for the
non-phosphorylated (inactive) receptor is low which limits any basal activity [97, 98]. When the receptor is
activated, β-arrestins are able to displace the G protein before it is activated giving rise to G proteinindependent β-arrestin signalling [99, 100]. On the other hand, when β-arrestins compete with the G protein
after its activation, this leads to G protein-dependent β-arrestin signalling. The latter signalling has been well
studied and includes ERK phosphorylation through the MAPK cascade [101] and receptor internalisation in
clathrin coated pits [102, 103].
Regulation of chemokine receptor (and other GPCR) signalling pathways being a highly complex
phenomenon, it has to be considered with respect to its cellular context. There are approximately twenty Gα
subunits, five Gβ subunits and twelve Gγ subunits [104], resulting in a huge array of possible heterotrimeric
G proteins. The expression levels of these various subunits vary between cell types or under different
conditions and the different complexes are expected to compete with each other for association with a
particular receptor. In addition, the availability of particular G proteins may depend on the presence of other
GPCRs in the same cell. Moreover, the ability of a chemokine receptor to signal is also dependent on the
presence of other factors such as regulators of G protein signalling (RGS) proteins, which negatively regulate
G protein signalling by acceleration of GTP hydrolysis by Gα [105-107], or lipids, such as cholesterol, which
can potentially influence receptor oligomerisation and conformational changes [108, 109]. Considering these
potential variations in signalling pathways between cells, perhaps it should not be surprising that the literature
describing chemokine:chemokine receptor signalling is full of apparent inconsistencies. As one example,
different studies have concluded that eotaxin-1 is a partial agonist and an antagonist of CCR2 [110-112]. Thus,
although detailed mechanistic studies of chemokine:receptor interactions typically require carefully controlled
experimental conditions using immortalised cell lines, it is important to validate the biological relevance of
results using primary cells.
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Figure 1.6: Common GPCR Signalling Pathways. The conformation of the GPCR depends on the agonist
bound on the extracellular side and determines which intracellular effector can bind to the GPCR to generate
further downstream signalling. The most common GPCR pathways are G protein-mediated and vary depending
on the Gα subtype or β-arrestin-mediated.
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1.4.4. Biased Agonism
As it is now thought that the GPCRs are highly dynamic machines that can be activated in several
different ways, the traditional notion of a simple on/off switch to represent the active and inactive states of a
GPCR seems to no longer stand. Biased agonism, also known as functional selectivity or agonist-selective
signalling, is an increasingly developed concept based on the idea that agonists acting at the same receptor can
have different abilities to activate different signalling pathways, as shown schematically in Figure 1.7. This
natural phenomenon has been observed for a variety of GPCRs and the first reported case of biased agonism
was described for an acetylcholine receptor to pilocarpine and carbachol in 1994 [113]. Following this study,
biased agonists have been identified for several therapeutically important GPCRs [114] such as μ-opioid
receptors [115, 116], β2 adrenergic receptor [117], dopamine receptors [118], 5-HT2 and 5HT1A serotonin
receptors [119, 120] and angiotensin type 1A (AT1A) receptor [121].
Biased agonism is believed to be due, at least in part, to the ability of receptors to adopt multiple active
conformations, each leading to a different balance of signalling outcomes and each differentially stabilised by
different ligands [122]. The growing thought that it could be possible to design partial or biased ligands for
GPCRs, which could activate or inhibit one pathway without altering others, or inhibit the effects of only one
ligand, is likely to be of great interest particularly in the pharmaceutical industry. Hence structural information
and better understanding of the conformational changes induced by ligands are highly desirable [123]. In order
to better understand biased agonism and guide drug development, several models have been proposed to
quantify agonist bias [124, 125].
A number of chemokine receptors have been found to display biased agonism. For example, the
chemokines Epstein-Barr virus-induced molecule 1 ligand chemokine (ELC or CCL19) and secondary
lymphoid tissue chemokine (SLC or CCL21) both activate CCR7 to induce G protein activation and calcium
mobilisation but only ELC gives rise to desensitisation of CCR7, which is mediated by β-arrestin recruitment
[126]. In a systematic study of G protein versus β-arrestin bias for three CC and three CXC chemokine
receptors, Rajagopal et al. found significant levels of signalling bias for CCR1, CCR10, and CXCR3 [127].
Similarly, Corbisier et al. found significant levels of signalling bias for CCR2, CCR5, and CCR7 in
comparisons of G protein activation using several Gα subtypes as well as β-arrestin 2, cAMP and Ca2+
signalling [128]. These recent studies suggest that biased signalling responses to chemokine ligands may be a
rather general phenomenon contributing to the different downstream cellular outcomes of chemokine receptor
activation, enabling fine tuning of each individual inflammatory response.
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Figure 1.7: Schematic Representation of Biased Agonism. (A) The grey chemokine induces balanced
signalling. (B) The green chemokine (left) selectively activates pathway 1, whereas the orange chemokine
(right) selectively activates pathway 2.
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1.4.5. Post-Translational Tyrosine Sulfation
GPCRs can be post-translationally modified in various ways, the most common being the ligandinduced reversible receptor phosphorylation at the intracellular C-terminal part of the receptor. This posttranslational modification is integral to GPCR signalling and also enables receptor desensitisation and
internalisation (see section 1.3.3 for details). In addition to phosphorylation, GPCRs can be glycosylated [129,
130], palmitoylated [131, 132], ubiquitinated [133] or sulfated [134]. This section focuses on tyrosine sulfation,
the effects of which are investigated in experiments described in this thesis.
Tyrosine sulfation is a common post-translational modification in secreted and transmembrane
proteins; over 1 % of the human proteome has been suggested to possess sulfated tyrosine residues [135]. The
transfer of a sulfate group from 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to the hydroxyl group of a
tyrosine residue is catalysed by either of two isoforms of an enzyme called tyrosylprotein sulfotransferase
(TPST-1 or -2) [136] (Figure 1.8). The TPST enzymes are localised to the trans-Golgi network [137] and are
selective for tyrosine residues close in sequence to acidic amino acids, a motif found in the N-terminal
(chemokine-binding) regions of most chemokine receptors [138].
Nowadays, it is well established that tyrosine sulfation is present in many chemokine receptors [137],
as shown in Table 1.1. However, the precise sulfation state of these receptors remains largely unknown as
tyrosine sulfation is hard to characterise, often heterogeneous and difficult to control [139]. It has been shown
that tyrosine sulfation of chemokine receptors can enhance chemokine affinity [140], influence chemokine
selectivity [141], as well as modulate chemokine oligomerisation state [142, 143], but once again the structural
changes responsible for these results remain difficult to assess. This is why it is crucial to find a way of studying
these interactions in more detail. One strategy recently developed by our group as well as several other groups,
is to use sulfopeptides as receptor N-terminal mimics [144-146]. Sulfopeptides are indeed proposed to be a
good model for the N-terminal part of the chemokine receptors, because the receptor N-terminus is a highly
flexible region. Moreover, such sulfopeptides are easier to work with as they can be synthetised
homogeneously, with a controlled sulfation pattern [147]. However, the question of whether they are good
models open as their ability to mimic the receptor binding selectivity has never been tested directly.
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Figure 1.8: General Scheme of Tyrosine Sulfation [138]. The addition of a sulfate group and a negative
charge to the phenolic hydroxyl of the tyrosine side chain is catalysed by TPST enzymes and the sulfate group
is provided by PAPS.
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Table 1.1: Chemokine Receptors known to be Sulfated and their Cognate Chemokines [138].
Receptor
CCR2

CCR3

CCR5

CCR8

CXCR3

CXCR4

Chemokine
Ligands1
CCL2/MCP-1
CCL7/MCP-3
CCL8/MCP-2
CCL11/eotaxin-1
CCL13/MCP-4
CCL16/HCC-4
CCL11/eotaxin-1
CCL13/MCP-4
CCL15/HCC2/Lkn-1
CCL24/eotaxin-2
CCL26/eotaxin-3
CCL28
CCL3/MIP-1α
CCL4/MIP-1β
CCL5/RANTES
CCL8/MCP-2
CCL11/eotaxin-1
CCL14/HCC-1
CCL16/HCC-4
CCL1/I-309
CCL4/MIP-1β
CCL16/ HCC-4
CCL17/TARC

Receptor N-terminal
Amino Acid Sequence2
1MLSTSRSRFIRNTNES
GEEVTTFFDYDYGAPC

CXCL9/MIG
CXCL10/IP-10
CXCL11/I-TAC

1MVLEVSDHQVLNDAE

CXCL12/SDF-1

1MEGISIYTSDNYTEEM

32

1MTTSLDTVETFGTTSY

YDDVGLLC24

1MDYQVSSPIYDINYYT

SEPC20

1MDYTLDLSVTTVTDY

YYPDIFSSPC25

VAALLENFSSSYDYGE
NESDSC37

GSGDYDSMKEPC28

CX3CR1

CX3CL1/fractalkine

1MDQFPESVTENFEYD

DLAEACYIGDIV27

DARC

Many CC and CXC
chemokines

1MGNCLHRAELSPSTE

NSSQLDFEDVWNSSYG
VNDSFPDGDYDANLE
AAAPCHSCNLLDDS60

1

Key Findings

References

• Y26 is sulfated
• Y26A mutant has reduced
receptor
binding/activation
• Mutation of D25 reduces
sulfation

[145, 148]

• CCR3 is Tyr-sulfated
• Tyrosine sulfation
enhances receptor activity

[149]

• CCR5 is Tyr-sulfated
• Sulfated Tyr residues
contribute to binding of
MIP-1α, MIP-1β and
HIV-1 surface proteins

[150]

• N-terminal Tyr residues
are sulfated
• Sulfated Tyr residues
contribute to binding of I309
• Y27 and Y29 or CXCR3
are sulfated
• Mutation of Y27 or Y29
reduces binding and
activation by MIG, IP-10
and I-TAC
• N-terminal Tyr residues
are sulfated
• Mutation of N-terminal
Tyr residues reduces
SDF-1binding
• Mutation of N-terminal
Tyr residues or sulfatase
treatment reduces
fractalkine binding
affinity
• Y30 and Y41 are sulfated
• Mutation of Y30 and Y41
reduces binding to
different chemokines
• Mutation of Y41 reduces
binding to Plasmodium
vivax Duffy binding
protein

[151]

Chemokine ligands are those listed in [157]
Potentially sulfated Tyr residues are shown in red; acidic residues are underlined
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1.5.

Chemokine:Receptor Interactions

1.5.1. Chemokine Receptor Structure
Chemokine receptors, as a subfamily of the GPCR family, are seven-transmembrane helix receptors
[158] expressed on the cell surface of leukocytes. Their structure determination, just like any other membrane
proteins, has proven to be a very challenging task and the main issues that scientists have to address include
expression of sufficient quantities of receptors, purification, reconstitution of functional receptors in artificial
membranes, and crystallisation of these dynamic proteins. The chemokine receptor structure shown in Figure
1.9 illustrates features common to all chemokine receptors, including seven transmembrane α-helices, the
extracellular N-terminus (mostly not visible in the figure as it is a highly flexible region, generally not observed
in structures), the intracellular C-terminus (mostly not visible on the figure and in structures, but expected to
contain an additional α-helix, helix-8) and six loops (three extracellular loops (ECL) and three intracellular
loops (ICL)) making the links between helices. ECL2, which is the longest loop, contains a β-hairpin structure.
Disulfide bridges are also highly important features, as some studies have proven their roles in receptor
function [159, 160]. Chemokine receptors usually have one cysteine residue in each ECL and form two
disulfide bridges. The first one involves the two cysteine residues present on the N-terminus and ECL3 and is
specific to chemokine receptors [157]. The second one links the two cysteine residues of TM3 and ECL2, and
is common to all rhodopsin-like GPCRs [161].
Until now, structures of five chemokine receptors have been solved, the receptors being unbound or
bound to small molecules (CXCR1 [162], CXCR4:IT1t [163] CCR2:BMS-681 [164], CCR5:maraviroc [91]
and CCR9:vercirnon [165]). In addition, three more structures of a chemokine receptor bound to a chemokine
have been solved (CXCR4:vMIPII [166], CCR5:5P7-CCL5 [167] and US28:CX3CL1 [168]). However, no
structure of a chemokine:receptor complex in the activated state is available to date, so the structural basis of
transmembrane signalling remains to be established.
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Figure 1.9: Crystal Structure of the CXCR4–vMIP-II Complex (PDB ID: 4rws [166]). Transmembrane
helices are coloured salmon (TM1), orange (TM2), yellow (TM3), green (TM4), cyan (TM5), violet (TM6)
and magenta (TM7), the disulfide bridges are shown as yellow sticks and the N-terminus, ECLs and ICLs are
in grey. The viral chemokine vMIP-II is shown in dark red except for its N-terminus which is highlighted in
rainbow colours.
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1.5.2. Structural Model for Chemokine Receptor Activation by Chemokines
To improve our understanding of chemokine:chemokine receptor interactions, numerous studies have
been conducted to investigate which particular regions of chemokines and their receptors are significant for
binding and activation [169, 170]. Collectively, these studies of structure-activity relationship showed that
chemokines have two major sites of interaction with their receptors, which resulted in Crump et al. proposing
in 1997 a general model for chemokine:receptor interaction, called the “two-site model” [171]. The first site
circled in black on Figure 1.10, involves the N-terminal region of the receptor and a shallow groove formed
by the N-loop and β3-strand of the cognate chemokine, whereas the second site circled in orange involves the
N-terminal part of the chemokine and a more buried region of the receptor, which could include one or more
of the ECLs and some residues in the transmembrane helices and causes the receptor to change conformation
and become activated [169].
The two-site model is generally accepted, as it is consistent with most published mutational data. A
recent shotgun mutagenesis study of CXCR4 also provides insight into receptor structure and activation [172].
Moreover, the recent structures of chemokine-bound receptors [166, 173], in addition to several structures of
chemokines bound to receptor fragments [149, 174, 175], have confirmed the two central aspects of the twosite model. However, this model may be an oversimplification as it does not account for subtle changes
occurring after post-translational modification of the receptor for example. In addition, the two-site model
implies that the two steps of the interaction occur sequentially as two separate steps, step one representing
initial binding and step two representing subsequent activation. The spatial and functional independence of the
two sites is another aspect of this model that is being challenged and needs to be addressed to fully characterise
chemokine recognition by their receptors. An additional model was recently proposed based on the structure
of CXCR4 in complex with a viral chemokine [166]. This model is derived from the two-site model but
introduces a chemokine recognition site called CRS 1.5, located between CRS 1 (N-terminus) and 2 (N-loop
and β3-strand groove) to account for interactions observed between CXCR4 and chemokine residues
separating the N-terminus and N-loop, particularly the two cysteines residues in the CC motif. Although this
model implies that the chemokine regions involved in binding and activation are not clearly spatially separated,
it still assumes that binding and activation occur as sequential steps, so it presents many of the same limitations
as the conventional two-site model.
In summary, the two-site model is a basic frame work that has proved useful over many years.
However, advances in the GPCR signalling field have rendered this model insufficient to explain recent subtle
results. Although it is a good starting point and still guides traditional result interpretation, refining it is required
to gain more detailed mechanistic insights.
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Figure 1.10: Proposed Two-site Model for Chemokine:Chemokine Receptor Interaction [176]. The first
species represents the receptor in an inactive state (red) and the ligand prior to any interaction between the two.
The second species represents the interaction of the chemokine N-loop and β3-turn with the N-terminal
segment of the receptor (site 1 circled in black). Interactions in site 1 are considered to be driving binding only;
thus, the receptor is still in an inactive state (red). The third species represents the interaction between the Nterminal region of the chemokine and the receptor TM bundle (site 2 circled in orange). Insertion of the Nterminal region of the chemokine results in activation of the receptor (active state in green) and interactions in
site 2 are considered to be driving activation only.
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1.6.

CC Chemokine Receptor 1 (CCR1)

1.6.1. Biological Function
CCR1 is a member of the CC chemokine receptor subfamily and, like the other chemokine receptors,
belongs to the GPCR family. It is a seven-transmembrane helical cell surface receptor, which upon activation
triggers several physiological responses. It was the first CC receptor to be identified, in 1993 [177], and is
mainly expressed on the cell surface of monocytes, natural killer (NK) cells and immature myeloid cells [178].
It has been linked to a large variety of diseases [179], particularly inflammatory diseases and diseases that
involve malfunction in leukocyte recruitment.
Rheumatoid arthritis (RA) is an autoimmune disease that mainly results in pain and chronic
inflammation of the flexible joints, although other tissue or organs can be affected too. Joints become painful
and swollen due to an inflammatory response of the capsule around the joints, and mobility may be reduced.
Although the causes of RA are still unknown, autoimmunity plays a big part and some studies have shown that
CCR1 is involved in the disease development [180]. CCX354-C, a CCR1 antagonist, was administrated to
some patients in a clinical trial and reduced joint swelling.
Multiple sclerosis (MS) is another autoimmune disease involving the inflammation and destruction of
the myelin sheaths located in the brain and spinal cord. This damage disrupts communication between parts of
the central nervous system and gives rise to a wide range of symptoms, including physical, mental and
sometimes psychiatric problems. Although the causes and mechanisms accountable for MS are not currently
known, they are most likely mediated, in part, by leukocyte trafficking and some studies have shown that
CCR1 plays a role in the disease development [181]. This conclusion comes from the analysis of the expression
of CCR1 on circulating cells. The analysis suggests that the monocytes able to enter and be retained in the
central nervous system derive from a minority of CCR1-positive cells, which were also found in active MS
lesions.
The role of CCR1 in cancer has also been investigated, especially for cancer metastasis and multiple
myeloma [182, 183]. Furthermore CCR1 appears to play key roles in transplant rejection [184], diabetes [185],
osteopenia [186], as well as in progressive kidney disease [187].
CCR1 is reported to recognise several CC chemokines [188], the most common ones being HCC-1, 2 and -4, myeloid progenitor inhibitory factor 1 (MPIF-1 or CCL23), regulated upon activation, normally T
cell expressed and secreted (RANTES or CCL5), macrophage inflammatory protein 1α (MIP-1α or CCL3) and
MCP-2, -3 and -4. The CCR1 signalling profile has been studied by different groups [189] and is similar to
other chemokine receptors, including calcium mobilisation, β-arrestin recruitment, and cAMP signalling,
leading to a variety of downstream cellular effects, including receptor internalisation and leukocyte chemotaxis.
The CCR1 three-dimensional structure remains unknown, however a predicted topology has been
reported using its sequence and the general GPCR structure [190]. Another predicted structure of CCR1 bound
to BX 471, a CCR1 small molecule antagonist, was also described [191] but no structural data have been
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generated yet. Apart from the lack of structural information available on CCR1, another challenge faced by
scientists is the investigation of the post-translational state of the receptor, including tyrosine sulfation and
glycosylation. There are two tyrosine residues in the CCR1 N-terminal sequence, in positions 10 and 18. These
residues are surrounded by acidic residues which makes them potential sulfation sites. As mentioned in section
1.3.5, tyrosine sulfation can influence different aspects of chemokine:receptor interaction such as binding or
differential agonism, which provides a strong incentive for further studies on CCR1 tyrosine sulfation.

1.6.2.

CCR1 as a Drug Target

Chemokine receptors have been the targets of numerous drug discovery programs and clinical trials.
Only two receptor antagonists have reached the market: Maraviroc, a CCR5 antagonist, used as an antiviral
agent in HIV infection [192, 193] and Plerixafor, a CXCR4 inhibitor, used during hematopoietic stem cell
collection for later transplantation [194]. Although there is no approved CCR1 blockade available to date,
CCR1 is recognised as a promising drug target because of the various diseases in which it is involved [195].
Gene deletion of CCR1 is not lethal [196] but knockout of CCR1 revealed both beneficial effects, including
the suppression of tissue allograft rejection [197] and detrimental effects, including the development of
osteopenia [186]. This is why targeting CCR1 has to be done in a highly controlled and selective way, to avoid
any undesired side effects.
Several strategies targeting CCR1 have been used to design and test new drugs blocking CCR1mediated responses, including small molecule antagonists, as well as anti-CCR1 antibodies [198]. One of the
most potent CCR1 antagonists is the compound BX 471, developed by Berlex [199]. It has a 50 % inhibitory
concentration (IC50) of 2 nM (in human), is able to efficiently displace MIP-1α, RANTES and MCP-3 in CCR1
competition binding assays and also inhibits a number of CCR1 signalling pathways, including calcium
mobilisation and leukocyte migration. It shows a greater than 10,000-fold selectivity for CCR1 compared to
28 different GPCRs. In a rat model of MS, BX 471 appeared to reduce the impact of the autoimmune disease
which was the first time this effect was observed for a non-peptide antagonist. This compound was tested
against other diseases and demonstrated efficacy in a rat heterotopic heart transplant rejection model [184] and
a mice renal fibrosis model [200, 201].
Other small molecule antagonists have been developed and reported by several companies, including
Merck, Pfizer and Millennium Pharmaceuticals. CCR1 blockade demonstrated efficacy in animal models in
suppressing colon cancer liver metastasis (BL5923, [202]), treatment of RA (BX 471 and anti-CCR1
antibodies, [203]), treatment of multiple myeloma and associated osteolytic bone disease (CCX721, [204]) and
treatment of eosinophil-mediated inflammatory disorders, such as asthma (UCB35625, [205]). Some
compounds went through clinical trials (phase I or II) testing efficacy against MS or RA, the most promising
compound being CP-481715, a CCR1 antagonist developed by Pfizer [206]. Unfortunately, no CCR1
antagonist demonstrated sufficient efficacy in RA and MS clinical trials [207, 208]. Numerous other clinical
trials have also been unsuccessful due to side effects or lack of efficacy. This highlights the importance of
better understanding the intricacies of the chemokine:receptor network. Despite previous unsuccessful
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attempts, inhibition of CCR1 or its ligands may still prove to be an effective strategy, potentially in
combination with other chemokine receptor antagonists [209].

1.6.3. Cognate Chemokines
As mentioned above, CCR1 is reported to recognise several CC chemokines, the most common ones
being HCC-1, -2 and -4, MPIF1, RANTES, MIP1α and MCP-2, -3 and -4. In this study, four of the CCR1
cognate chemokines are of particular interest, HCC-1, HCC-2, MPIF-1 and MCP-3, as they each activate a
different subset of CC chemokine receptors.
Unlike most chemokines, HCC-1 (CCL14) is constitutively expressed in human plasma and tissues
including spleen and liver [210]. It is present in our bodies in different forms as it can be post-translationally
modified by glycosylation or truncation [211], the N-terminally truncated form of HCC-1 [9-74] being the
most potent form. HCC-1 is structurally related to MIP-1α. It can form higher molecular weight assemblies, is
stable as a tetramer at high concentrations and its structure was solved using X-ray crystallography in 2007
[21]. It is a chemoattractant for leukocytes [212] and signals through CCR1 and CCR5 receptors.
Similar to HCC-1, HCC-2 (CCL15) is a constitutive chemokine, expressed in the gut and liver [213].
It also has a long N-terminus that can be truncated to give rise to a more active form of the chemokine [41].
Its solution structure was reported in 1999, using nuclear magnetic resonance (NMR) spectroscopy [214]. It
revealed that HCC-2 shares the same general structure as the other chemokines and is mainly monomeric, but
has a third disulfide bond. Functionally similar to MIP-1α, HCC-2 induces chemotaxis on monocytes, Tlymphocytes and eosinophils by signalling through CCR1 and CCR3 receptors [215].
MPIF-1 (CCL23) is a constitutive chemokine expressed in the liver, lung and bone marrow [216]. Its
solution structure was solved in 2001, using NMR spectroscopy [217]. Like HCC-2, MPIF-1 is monomeric
and has an additional disulfide bond. While some chemokines can interact with several receptors, MPIF-1
binds specifically to CCR1. It is involved in chemotaxis of monocytes [218] and cytoskeletal remodelling
[219].
MCP-3 (CCL7) is a pro-inflammatory chemokine expressed by mononuclear leukocytes, fibroblasts
and osteosarcoma cells. It activates a large variety of immune cells such as monocytes, T-lymphocytes, NK
cells, dendritic cells, eosinophils, neutrophils and basophils [220, 221] through activation of CCR1, CCR2 or
CCR3 [222] and is one of the four members of the human MCP family. Structurally MCP-3 is monomeric
[223] and is closely related to MCP-1 with 71% sequence identity [224], although MCP-1 does not activate
CCR1.
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1.7. Natural and Synthetic Chemokine Inhibitors
1.7.1. Targeting Chemokines
Knowing that chemokines and their receptors are involved in numerous diseases, particularly
inflammatory and autoimmune diseases, it is not surprising that a considerable effort has been made to develop
chemokine receptor antagonists [225, 226]. These chemokine receptor antagonists are usually small molecules
and as mentioned in section 1.5.2, only Maraviroc and Plerixafor have reached the market. However, some
antibodies have also been developed, such as Mogamulizumab (targets CCR4 and is used to treat T-cell
lymphoma [227]) or a human single domain antibody called “i-body” (targets CXCR4 [228]). Some viral
chemokines, such as vMIP-II, have also been established as chemokine receptor antagonists [166]. However,
viral chemokines can be promiscuous or behave as agonists depending on the receptor they interact with [229].
Despite a few successes, numerous chemokine receptor antagonists have failed in clinical trials mainly
due to a lack of efficacy [230, 231], which can be explained by the promiscuity of the chemokine network.
Using a combination of antagonists and blocking several receptors at the same time has also been considered
but this approach presents significant risks as it could result in a loss of beneficial immune responses. Thus,
targeting chemokines themselves could be an alternative therapeutic approach. For example, it has been shown
that macrophages present in MS brain lesions come from a subset of CCR1 expressing macrophages [181].
Based on this result, CCR1 antagonists were expected to reduce myelin degradation and disease severity which
was not the case in clinical trials [54]. CCR1 was indeed activated by MIP-1α, which is also a CCR5 ligand,
and as the macrophages present in the MS lesions also expressed CCR5, they were still recruited despite
administering a CCR1 antagonist. In this situation, targeting MIP-1α instead of its receptors seems like a better
strategy, especially as removal of MIP-1α using monoclonal antibodies proved to decrease MS disease severity
[232].

1.7.2. Small Molecules, Synthetic Polymers and Nanoparticles
Small molecules used as chemokine antagonists are not as common as chemokine receptor antagonists
because chemokines do not have a clearly defined small molecule binding site like receptors do. Thus,
chemokine antagonists may suffer from fast clearance rates or relatively low specificity, leading to off-target
effects. However, this idea was still considered because small molecules often have the advantage of high oral
bioavailability and small molecules that bind (μM affinities only) and antagonise chemokines were discovered.
For instance, the structure of chemokine stromal cell-derived factor 1 (SDF-1 or CXCL12) in complex with
an antagonist was determined, showing that this antagonist occupies the site normally bound by the N-terminal
regions of the receptor CXCR4 [233].
To decrease clearance rate and increase affinity and specificity, bigger molecules were investigated,
particularly among polymers. Having long and extended molecules that could wrap around chemokines and
resembles the chemokine receptor N-termini or the GAGs used to form chemokine gradients could be a
successful strategy to antagonise chemokines. For example, conjugation of heparin to a polymer backbone
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provided a polymer able to bind to CCL7 [234] and a polystyrene derivative, polystyrene sulfonate, was able
to bind to MCP-1 [235].
Nanoparticles are another useful tool that could be used along with polymer chemistry to either release
[236] or reduce the concentrations of chemokines in the body. For the example, the polystyrene sulfonate
brushes mentioned above were attached to silica nanoparticles to maintain the benzenesulfonic acid groups,
that resemble sulfated tyrosine residues, close to each other and mimic GAGs. The nanoparticles retained their
chemokine binding ability, binding MCP-1 with a higher affinity than the polymer alone for the short-length
brushes [235]. However, it is difficult to envisage how such nanoparticles would accomplish high specificity
for a particular chemokine over all the other possible targets.

1.7.3. Antibodies, Viral Proteins and Decoy Receptors
Alternately, several larger biomolecules have also been developed, particularly in the antibody family that
is known for its specificity. An anti-IL-8 antibody is currently marketed in China for the treatment of psoriasis
and antibodies targeting MCP-1, RANTES and 10 kDa interferon gamma-induced protein (IP-10 or CXCL10)
are in clinical trials [237, 238]. Finally, an L-stereoisomer oligonucleotide aptamer targeting MCP-1 has
progressed to a Phase IIa clinical trial in diabetic nephropathy patients [239].
Strategies to disrupt the host immune system can be observed in large DNA viruses. One such strategy is
molecular mimicry of chemokines and chemokine receptors to modulate the chemokine signalling network
[240-242]. Viruses such as herpesviruses and poxviruses can express receptors that interact directly with
human chemokines. For example, US28 is a CX3CR1 homologue encoded by human cytomegalovirus that
binds chemokines from both the CC and CX3C subfamilies. The crystal structure of US28 bound to a human
chemokine (fractalkine or CX3CL1) has been determined [173]. Similarly, the UL21.5 glycoprotein, encoded
by human cytomegalovirus has been reported as a decoy receptor binding specifically to RANTES, although
only a limited number of chemokines were tested [243, 244]. The poxvirus also encodes chemokine-binding
proteins such as VEGF coregulated chemokine 1 (vCCI or CXCL17), which binds with high affinity to nearly
all CC chemokines and with only low affinity to the CXC chemokines IL-8 and melanoma growth stimulatory
activity α (Gro-α or CXCL1) [245]. The structures of the vCCI protein both free and bound to macrophage
inflammatory protein 1β (MIP-1β or CCL4) were solved [246, 247] and found to be conserved with several
other viral chemokine-binding proteins, including A41 [248], the SECRET (smallpox virus-encoded
chemokine receptor) domain of CrmD [249] and the herpesvirus encoded M3 protein [58].

1.7.4. Tick Evasins
In the same way as viruses, parasites have evolved and developed various sophisticated ways to evade
detection by their host immune system. Thus, chemokine-binding proteins can be found in worms [250] and
ticks. Ticks are small ectoparasitic arachnids that are divided in two major families: Ixodidae (hard ticks) and
Argasidae (soft ticks) [251]. The hard tick family counts around 700 different species [252].
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Ticks express a variety of immunomodulatory compounds to avoid immune detection by the host and
prolong feeding [253, 254]. Recently, the chemokine-binding activity detected in tick saliva was linked to
small soluble secreted proteins, that were identified in the hard tick species Rhipicephalus sanguineus (RSA)
[255]. This species produces three chemokine-binding proteins, named evasins [256, 257]. Evasins-1 and -4
have similar sequences and bind exclusively to CC chemokines while evasin-3 binds only CXC chemokines.
Evasins-1 and -4 differ in selectivity, with evasin-1 binding to three CC chemokines with high affinity and
evasin-4 binding to approximately 20 CC chemokines [258]. The structure of evasin-1 has been determined
both free and bound to MIP-1α (Figure 1.11), revealing a novel fold different from that of viral chemokinebinding proteins [259]. The evasin-3 structure was reported in the same article but is not available in the PDB
database. The bound structure of evasin-1 showed that although evasins are small proteins (8-11 kDa) and
about the same size as their binding partners, they can wrap around chemokines and interact with the
chemokine regions that are known to be crucial for chemokine receptor interactions, thus preventing
chemokines from interacting with and activating their cognate receptors.
From a therapeutic perspective, there is a particular interest in studying ticks for two main reasons. Firstly,
ticks carry a range of diseases that can be transmitted to humans when ticks bite and feed off their host [260,
261]. Secondly, when it comes to targeting chemokines, tick evasins, in their natural forms or after appropriate
modifications, could potentially be used as therapeutics. Unlike most viral chemokine-binding proteins, they
already show some selectivity in the subset of chemokines to which they bind with high affinity. In addition,
evasins have already been tested in a range of inflammatory disease models. For example, evasin-1 was
successfully tested as a MIP-1α/MIP-1β antagonist in murine models of pulmonary fibrosis [262] and psoriasis
[256]; evasin-4 as an eotaxin-1 (CCL11) antagonist in a murine model of inflammatory bowel disease [263];
and evasin-3 as a CXC chemokine antagonist in murine models of arthritis [256] and acute pancreatitis [264].
Another possible advantage of using evasins as therapeutics is that their immunogenicity is expected to be low,
based on their low number of predicted CD4+ T-cell epitopes and high degree of glycosylation [265], although
this prediction will have to be experimentally tested. Despite evasins presenting a very promising alternative
for treatment involving chemokine inhibition, they have not yet progressed from animal models to human
clinical trials [266]. The evasin field is still young and additional knowledge is needed before considering
clinical trials. In addition, several clinical trials targeting chemokines have previously failed mainly because
of the ambivalent or redundant roles chemokines play [267], which adds another degree of difficulty when
designing trials.
In summary, evasin proteins are extremely promising as a starting point for selective chemokine-binding
proteins. Prior to the work described in this thesis, there were only three known evasins, all from the same tick
species. However, it seemed highly likely that other species also produce evasins in order to evade immune
detection. Recent efforts in sequencing tick genomes have helped developing multiple databases, which makes
looking for evasins in other tick species more accessible. It is indeed crucial to identify more evasins and test
them for chemokine-binding activity. This will lead to a larger variety of selectivity profiles, which would
facilitate the development of therapeutic agents.
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Figure 1.11: Structures of Evasin-1 in Free and MIP-1α-bound Forms [259]. (A) The structure of unbound
evasin-1 (PDB ID: 3fpr). The N- and C-termini are labelled, the seven β-strands are shown in cyan, the α-helix
in red and the four disulfide bridges in yellow. Evasin-1 fold is new and has a boat-like shape. (B) The structure
of evasin-1 bound to MIP-1α (PDB ID: 3fpu). N- and C-termini of evasin-1 are labelled and evasin-1 is shown
in dark blue. The structural elements of MIP-1α are colour-coded in the same way as Figure 1.2. The Nterminus is shown in magenta, the CC motif and two disulfide bridges are in yellow, the N-loop in green, the
three-stranded β-sheet in cyan and the α-helix in red. This shows that evasin-1 interacts mainly with the Nterminus and N-loop of the chemokine which are the main regions involved in chemokine receptor binding.
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1.8.

Hypotheses

After reviewing the literature in the chemokine field, we can see that chemokines and their receptors play
major roles in inflammatory processes whether they are healthy or pathological. Considering the limited
success of clinical trials for drugs targeting chemokine receptors, there is a need for more detailed
understanding of chemokine:receptor signalling networks. Structural data have been difficult to obtain but
mutational data have yielded the two-site model, which describes the binding and activation of chemokine
receptors by their cognate chemokines. Although the central features of this widely accepted model provide a
reasonable representation of chemokine:receptor interactions, the model does not account for some aspects of
receptor activity, including biased agonism and the role of tyrosine sulfation. The project described in this
thesis was designed to address three hypotheses related to the two-site model and the various factors that could
influence chemokine receptor signalling and chemokine activity:
a. When activated by cognate chemokines, CCR1 exhibits biased agonism that is dependent on receptor
tyrosine sulfation.
b. CCR1 activation follows the two-site model, where the receptor N-terminus is responsible for binding
and binding selectivity and the chemokine N-terminus is responsible for receptor activation.
c. Novel evasins with selective chemokine-binding profiles can be identified in a variety of tick species.

1.9.

Project Aims

1.9.1. Aim 1: To determine whether the CC chemokine receptor CCR1 exhibits biased
agonism in response to cognate chemokine ligands and to assess the influence of
receptor tyrosine sulfation
Biased agonism has been observed in several GPCRs and chemokine receptors. CCR1 is one of the most
promiscuous chemokine receptors, with at least nine cognate chemokines, so it could exhibit biased agonism.
In addition, the CCR1 N-terminus has two potential sulfation sites (tyrosine residues surrounded by acidic
residues). Prior to this work, it was not known whether these residues are sulfated and whether the sulfation
state of CCR1 has an influence on its signalling.
This aim was designed to characterise CCR1 signalling profile by measuring several signalling readouts
such as β-arrestin recruitment, G protein activation, cAMP inhibition and ERK1/2 phosphorylation. Biased
agonism was then quantified using the operational model of agonism and the same dataset was collected for
the non-sulfated CCR1 receptor (cells treated with sodium chlorate) to allow for comparison. Further
investigation of CCR1 biased agonism was performed using N-terminally modified HCC-2 chemokines and
HCC-2/MCP-3 chimeric proteins.
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1.9.2. Aim 2: To investigate the two-site model at the chemokine receptor CCR1
The two-site model is a well-accepted model that was developed in 1997 by Crump et al. and that is
currently used to describe the interaction between chemokines and their receptors. Although very useful for a
number of years, this simple model might need to be refined to account for more recent findings such as biased
agonism or post-translational modifications.
This aim involved the study of each site of the two-site model using the chemokine receptor CCR1. Site
1, which involves the receptor N-terminus and is believed to control binding, was investigated by comparing
chemokine binding to sulfopeptides derived from the N-terminal sequence of CCR1 with chemokine binding
to the full-length receptor. Peptide binding was assessed in solution using a competitive fluorescence
anisotropy assay and whole receptor binding was measured using a radioligand displacement assay. Site 2
which involves the chemokine N-terminus and is believed to control receptor activation was investigated using
a set of chimeric chemokines between MCP-1 and -3 and measuring the same signalling readouts as in Aim 1.
Since MCP-3 is a potent CCR1 agonist whereas MCP-1 is not, the chimeras enabled us to identify the key
regions require for CCR1 activation.

1.9.3. Aim 3: To identify novel evasins with chemokine-binding and -inhibitory activity
Three evasin proteins have been identified in the brown dog tick species and are responsible for the
chemokine-binding activity observed in the tick saliva. These evasins bind to a specific subset of chemokines,
each evasin having a different binding profile. Evasins have a huge potential for therapeutic applications as
they already showed some selectivity unlike other viral chemokine-binding proteins. Furthermore, they were
efficacious in reducing disease severity in several murine inflammatory disease models and are expected to
have a low immunogenicity. The hard tick subfamily alone has around 700 species, which opens up the
possibility to identify many chemokine binding proteins.
This aim was set up to identify novel evasins using bioinformatic methods and sequence-based searches.
The most promising evasin candidates from several genera were expressed, partially purified and screened for
chemokine-binding abilities. The best candidates were fully purified and tested for chemokine-binding and inhibitory activities.

1.10. Thesis Outline
The results of Aim 1, 2, 3 are presented in Chapters 3, 4 and 5 respectively. The results from Aim 3 were
published as a research article in the Journal of Biological Chemistry (2017). Hence, this published article is
included in this thesis as Chapter 5 and the supplementary material associated with this article are provided in
Appendix V.

33

34

Chapter 2. Materials and Methods

Chapter 2.
Materials and
Methods

35

Chapter 2. Materials and Methods

36

Chapter 2. Materials and Methods

2.1.

Materials

Oligonucleotides designed for recursive PCR or plasmid amplification were purchased from Geneworks
(Australia). Clones encoding evasin candidates were purchased from GenScript (USA). Deoxynucleotide
triphosphates (dNTPs) and all the enzymes required for cloning were purchased from NEB (Ipswich, MA) or
Promega (Madison, WI, USA). Dulbecco’s Modified Eagle Medium (DMEM) and Hanks’s balanced salt
solution (HBSS) were purchased from Invitrogen. Blasticidin and Hygromycin B were from InvivoGen (San
Diego, CA). Foetal bovine serum (FBS) was purchased from In Vitro Technologies (Noble Park, VIC,
Australia). Polyethyleneimine (PEI) was purchased from Polysciences, Inc. (Warrington, PA). Coelenterazine
h was purchased from NanoLight (Pinetop, AZ). HisTrap HP nickel affinity columns (5 mL volume) and a
HiLoad 16/60 Superdex 75 preparative grade size exclusion column (PSEC) were purchased from GE
Healthcare. Unless otherwise noted, all other chemicals/reagents were purchased from Sigma-Aldrich.

2.2.

Media, Buffers and Solutions

LB media (1 L): 10 g tryptone, 5 g peptone (yeast extract), 10 g NaCl, 1 mL of 1 M NaOH
LB plates: 15 mL of LB media containing 0.23 g agar
Ampicillin: 50 μg/mL in milliQ H2O
Kanamycin: 30 μg/mL in milliQ H2O
Lysis buffer: 20 mM Tris.HCl, pH 8.5, 500 mM NaCl, 5 mM imidazole, 0.02 % (w/v) NaN3
Inclusion body wash buffer: 20 mM Tris.HCl, pH 8.5, 500 mM NaCl, 5 mM imidazole, 0.5 % (v/v) TX-100,
2 mM DTT and 0.02 % (w/v) NaN3
Refolding buffer: 20 mM Tris. HCl, pH 8.0, 400 mM NaCl, 2.0 mM reduced glutathione (GSH), 0.5 mM
oxidised glutathione (GSSG), 0.02 % (w/v) NaN3
IMAC denaturing load buffer: 6 M Gdn.HCl, 20 mM Tris, pH 8.0, 20 mM imidazole and 20 mM βmercaptoethanol (β-ME)
IMAC denaturing elution buffer: 6 M Gdn.HCl, 20 mM Tris, pH 8.0, 200 mM imidazole, 20 mM β-ME
Thrombin cleavage buffer: 20 mM Tris.HCl, pH 8.5, 400 mM NaCl, 2.5 mM CaCl2
TEV cleavage buffer: 50 mM Tris.HCl, pH 8.0, 0.5 mM EDTA, 1 mM DTT, 0.02 % (w/v) NaN3
HisTrap column buffers:
-

Buffer A: 20 mM Tris.HCl, pH 8.0, 500 mM NaCl, 20 mM imidazole

-

Buffer B: 20 mM Tris.HCl, pH 8.0, 500 mM NaCl, 200 mM imidazole

-

HisTrap stripping buffer: 20 mM NaH2PO4, 0.5 M NaCl, 50 mM EDTA
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Anion exchange buffers:
-

Buffer A: 20 mM Bis-Tris (pH 6.5), pH 8.0

-

Buffer B: 20 mM Bis-Tris (pH 6.5), 1 M NaCl, pH 8.0

Cation exchange buffers:
-

Buffer A: 20 mM Tris.HCl, pH 8.0

-

Buffer B: 20 mM Tris.HCl, 2 M NaCl

Size exclusion chromatography buffer: 10 mM HEPES, pH 7.4, 150 mM NaCl, 0.02 % (w/v) NaN3
SDS-PAGE solutions:
-

Running gel buffer: 1.5 M Tris.HCl, pH 8.8

-

Stacking gel buffer: 0.5 M Tris.HCl, pH 6.8

-

Tank buffer: 0.025 M Tris.HCl, 0.192 M glycine, 3.5 mM SDS

-

Gel drying solution: 4 % (v/v) glycerol, 30 % (v/v) EtOH

-

Non-reducing loading dye (2X): 0.5 M Tris.HCl, pH 6.8, 2.5 mL glycerol, 0.5 % (w/v) bromophenol
blue, 10 % (w/v) SDS

-

Reducing loading dye (2X): 0.5 M Tris.HCl, pH 6.8, 2.5 mL glycerol, 0.5 % (w/v) bromophenol blue,
10 % (w/v) SDS, 0.5 mL β-ME

-

Fixing solution: 40 % (v/v) methanol, 13.5 % (v/v) formalin in milliQ H2O

-

Developing solution: 3 % (w/v) Na2CO3, 0.05 % (v/v) formalin, 0.000016 % (w/v) Na2S2O3

Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4
Hank’s Balanced-Salt Solution (HBSS): 137 mM NaCl, 5.36 mM KCl, 1.3 mM CaCl2.2H2O, 0.5 mM
MgCl2.6H2O, 0.4 mM MgSO4.7H2O, 0.34 mM Na2HPO4.7H2O, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 5.5 mM
glucose, pH 7.4
Radioligand buffer: 50 mM MOPS, pH 7.4, 5 mM MgCl2
Radioligand wash buffer: 50 mM MOPS, pH 7.4, 0.05 % (w/v) CHAPS, 0.5 M NaCl
TAE buffer: 2 M Tris, pH 8.0, 5.71 % (v/v) glacial acetic acid, 50 mM EDTA

2.3.

Bacterial Strains

The genotypes of competent cells (Invitrogen ) used in this study are as follows:
-

DH5α strain: DH5α - Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, mK+)
phoA supE44 λ– thi-1 gyrA96 relA1

-

BL21 (DE3) strain: BL21 (DE3) - ompT hsdSB (rB–, mB–) gal dcm (DE3)
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Competent cells were prepared as follows: A single colony from a plate of freshly grown cells, DH5α or
BL21 (DE3), was selected and transferred into 5 mL of LB media. Cells were grown at 37 °C overnight. 2 mL
of this overnight culture was used to inoculate 200 mL of LB media in a 500-mL flask. The cells were grown
at 37 °C, 180 rpm until the OD600 reached ~0.3-0.35. Cells were then harvested by centrifugation at 3000 g for
5 min at 4 °C. The pellet was resuspended gently in 50 mL of 0.1 M CaCl2 (sterile-filtered and chilled on ice),
followed by incubation on ice for 20 minutes. Cells were harvested again by centrifugation at 3000 g for 5 min.
The pellet was resuspended gently in 4 mL of ice-cold 0.1 M CaCl2. Competent cells were either used
immediately at this stage or frozen. For storage in a freezer, a sterile-filtered solution of 75 % (v/v) glycerol
was added to give a final concentration of 15 % (v/v) glycerol and aliquots (50 μL) were stored at -80 °C until
needed.

2.4.

Plasmid Synthesis and Cloning

2.4.1. Recursive PCR and Clone Insertion
Genes encoding chemokine sequences of the chemokines HCC-1/CCL14, HCC-2/CCL15 and MPIF1/CCL23, each with a N-terminal His6-tag and a TEV protease cleavage site, were synthesised using recursive
polymerase chain reaction (PCR). The oligonucleotides were obtained from Geneworks (Australia) and
dissolved to stock concentrations of 100 μM. One full length gene construct was synthesised from six
overlapping oligonucleotides, the first three oligonucleotides going in the forward direction and the last three
going in the reverse direction. The ratios in which each oligonucleotide is added determines which PCR
product prevails in solution. Recursive PCR reactions (total volume 50 μL) contained: oligonucleotides 3 and
4 (0.02 µM each), 2 and 5 (0.1 µM each) and 1 and 6 (1 µM each); dNTPs (0.2 mM each); Pfu buffer and Pfu
polymerase (0.204 U/µL, Promega, Madison, WI, USA). Reaction mixtures were heated at 95 °C for 5 minutes
and then subjected to 30 cycles of 1 min at 95 °C (denaturation), 1 min at 60 °C (annealing) and 2 min at 72 °C
(elongation) using a Minicycler™ (MJ Research). The PCR products were purified by using a QIAquick PCR
purification kit (QIAGEN) according to manufacturer’s instructions then digested and ligated into the
NdeI/XhoI restriction sites of the pET28a plasmid and transformed into DH5α cells. The colonies were further
screened for gene insertion using colony PCR and 2 % agarose gel electrophoresis. Recombinant plasmids
were prepared and sequenced using the procedures described in 1.4.3. and 1.4.5.

2.4.2. Transformation of DH5α Cells
50 µL of competent E. coli DH5α cells were transformed as follows. DNA (1-5 µL) was added to the
cells and incubated on ice for 30 minutes. The cell mixture was then heat shocked at 42 °C for 45 seconds and
placed on ice for 1-2 min. Subsequently, 450 µL of LB media was added and the cultures incubated in a shaker
at 37 °C for 60 min. Cultures were then spread onto LB agar plates containing selection antibiotic and incubated
overnight at 37 °C.

2.4.3. Preparation of DNA
A single colony was selected from a plate of transformed DH5α cells and used to inoculate 5 mL of
LB media containing the corresponding selection antibiotic. The culture was incubated overnight in a shaker
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at 37 °C, 180 rpm. Plasmid DNA was isolated from the cells using a QIAprep Spin Miniprep Kit (QIAGEN)
according to manufacturer’s instructions. The concentration of plasmid DNA was determined by
spectrophotometric analysis from its absorbance at 260 nm, using the formula for double-stranded DNA and a
path of 1 cm:
[DNA] = 50 μg/mL x OD260 x dilution factor

(Equation 1)

The purity of the DNA sample was estimated from the ratio of A260/A280. Generally, ratios in the range of 1.651.85 were considered acceptable for DNA sequencing reactions. Higher value ratios indicated RNA
contamination, whereas lower values indicated protein contamination. Plasmid samples were stored at -20 °C
in a 10 mM Tris.HCl buffer, pH 8.5 for later use.

2.4.4. Agarose Gel Electrophoresis
Agarose gel electrophoresis was used throughout the preparation of any clone to analyse and assess
the purity of each sample. To prepare a TAE agarose gel, 2 % (w/v) agarose was added to the TAE buffer and
the mixture was heated until the agarose was all dissolved. RedSafe Nucleic Acid staining (20,000x solution,
iNtRON Biotechnology) or ethidium bromide (final concentration of 0.5 μg/mL) was added to the agarose
mixture and the mixture was set in a cast. Samples were combined with 10X loading dye and loaded on the
gel together with a 1kb DNA ladder (Promega) for molecular weight comparison. TAE buffer was used as the
tank buffer and the electrophoresis was performed at 100 V until the low molecular weight dye was close to
the end of the gel.

2.4.5. DNA Sequencing
DNA samples (5 μL of sample at 200 μM for each reaction) were submitted to Micromon, Monash
University, for sequencing. Sequence analysis was performed using the software Sequence Scanner 2.0
(Applied Biosystems).

2.5.

Protein Production and Purification

2.5.1. General Methods
The following procedure was used for production of all wild type and chimeric chemokines as well as
evasin proteins.
BL21 (DE3) competent cells were transformed with the desired expression plasmid and screened for
optimal protein expression. A single colony was used to inoculate the starter culture, 50 mL of LB media
containing kanamycin (30 μg/mL) or ampicillin (50 μg/mL). The culture was grown overnight in a shaker
incubator at 37 °C, 180 rpm. For large-scale growth, 4 x 2 L flasks, each containing 1 L of LB/antibiotic media,
were inoculated with 10 mL of the overnight starter culture and grown at 37 °C, 180 rpm until the optical
density (OD600) reached ~0.6-0.7. The expression of the desired protein was induced by addition of isopropyl
β-D-1-thiogalactopyranoside (IPTG) to each flask at a final concentration of 1 mM. Protein expression was
allowed overnight at 37 °C, 180 rpm.
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Cells were harvested the next day via centrifugation (Sorvall Evolution RC-SLC 6000 rotor, 5000 rpm,
20 min, 4 °C). The resultant pellet was resuspended in lysis buffer (60 mL) and hen egg white lysozyme (20
mg) was added. The mixture was incubated for 30 min at RT, followed by sonication of the cells with 6 x 30
sec bursts at 10 Amp, with 1 min incubation on ice between bursts (MSE Soni prep 150 plus). The insoluble
fraction was separated by centrifugation (Sorvall Evolution SS-34 rotor, 15000 rpm, 20 min, 4 °C) and
resuspended in lysis buffer (60 mL). DNase I (20 μg) was added to degrade the genomic DNA and the mixture
was incubated for 30 min at RT. The inclusion bodies were washed at least twice with the inclusion body wash
buffer (2 x 60 mL or until the supernatant was not brown in colour anymore) and left to denature overnight in
the IMAC denaturing load buffer (60 mL). The denatured inclusion bodies were purified by immobilised metal
affinity chromatography (IMAC) using Ni-NTA agarose affinity resin (QIAGEN/Sigma; ~10 mL wet volume).
The denatured protein was loaded on the beads (1 h incubation), the resin was then washed twice with the
IMAC denaturing load buffer (40 mL each time) and the protein was then removed from the beads using the
IMAC denaturing elution buffer (20 mL, 20 min incubation). The desired protein was then refolded by rapid
dilution (0.1 mL/min dropwise addition) into the refolding buffer (2 L). The solution was left overnight at 4 °C
to ensure the refolding equilibrium had been reached. The refolded protein solution was filtered and degassed
using a SPARMAX pump then loaded (5 mL/min) onto a 5 mL HisTrap nickel affinity column using an AKTA
purifier chromatography system (GE). The column was washed with HisTrap buffer A and the purified protein
was eluted at 5 mL/min using a stepwise isocratic gradient with HisTrap buffer B. The fractions showing UV
absorbance were further analysed on SDS-PAGE under reducing and non-reducing conditions.
Unless stated otherwise, the next step of the purification process was the removal of the N-terminal
His6 tag. For this the eluted protein was dialyzed against TEV protease or thrombin cleavage buffer overnight
at room temperature using snakeskin dialysis tubing (3500 Da molecular weight cut off (MWCO)). The amount
of protein present in the dialysis tube was determine using spectrophotometry (280 nm) and the Beer-Lambert
law:
mass = A/Ɛ x 𝑙𝑙 x Mw x V

(Equation 2)

where A is the observed UV absorbance (280 nm); Ɛ is the molar absorptivity coefficient for each protein; 𝑙𝑙 is
the length of the cuvette (1 cm); Mw is the molecular weight of the protein to cleave and V is the total volume

of the sample. Samples were then incubated with TEV protease or thrombin (0.02 mg/mg of protein or 10
U/mg of protein respectively) overnight at 34 °C and 37 °C respectively to remove the N-terminal His6-tag.
To stop the thrombin cleavage reaction, phenylmethanesulfonylfluoride (PMSF) was added at a final
concentration of 200 µM. The protein was again loaded on a 5 mL HisTrap column to remove the His6 tag, as
well as any remaining uncleaved protein and the His-tagged TEV protease when relevant. The flow-through
containing the cleaved protein was collected, concentrated down to 2 mL and loaded onto a Hi-load 16/60
Superdex 75 preparative grade size exclusion chromatography (PSEC) column attached to an AKTA purifier
FPLC system (GE). The protein was eluted using the size exclusion chromatography buffer at 0.3 mL/min.
The fractions showing UV absorbance were further analysed on SDS-PAGE under reducing and non-reducing
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conditions to evaluate disulfide formation and purity. If the protein was not pure, it was further purified by ion
exchange chromatography using 5 mL HiTrap Q HP (anion exchange) or HiTrap SP HP (cation exchange)
columns eluted at a 5 mL/min flow rate, a salt gradient with anion or cation exchange buffers and an AKTA
purifier chromatography system(GE). The fractions showing UV absorbance were further analysed on SDSPAGE under reducing and non-reducing conditions to evaluate folding and purity. Protein integrity was
confirmed by MALDI-TOF mass spectrometry. Fractions containing the desired protein were pooled,
concentrated and stored at -20 °C until further use.

2.5.2. SDS-PAGE Gel Electrophoresis
A 15 % crosslinking polyacrylamide running gel was prepared and polymerisation initiated with 0.1 %
ammonium persulfate (APS), stabilised by 0.01 % TEMED. This was immediately poured between the plates
of a Mini-Protean II SDS-PAGE apparatus (Bio-Rad). When the running gel had polymerised, a 4 %
crosslinking stacking gel was prepared with 0.1 % APS, 0.01 % TEMED and poured on top of the running gel.
A comb was added into the top of the stacking gel to form wells, and the gel allowed to polymerise. Once the
gel had polymerised, samples were boiled for 5 minutes and then loaded into the wells alongside protein
markers (Bio-Rad) and electrophoresis was performed at 120 V through the stacking gel and 150 V through
the separating gel in a Mini-Protean II assembly (Bio-Rad) with SDS-PAGE tank buffer until the dye front
migrated to the bottom of the gel.

2.5.3. Silver Staining
To stain the gel, the running gel was removed from the glass plates and incubated at room temperature
for 10 minutes in fixing solution, followed by washing with milliQ water, 1 min in 0.02 % Na2S2O3, followed
by another wash with milliQ water, and then 10 minutes in 0.1 % silver nitrate solution. The gel was then
washed twice with milliQ water and incubated in developing solution (approx. 1-3 min) until protein bands
were visible. Citric acid (2.3 M) was used to stop the colour development and the gel was then washed a further
3 times in milliQ water.

2.6.

Nuclear Magnetic Resonance (NMR)

NMR experiments were conducted at 25 °C on a Bruker Avance 600 MHz NMR spectrometer
equipped with a triple-resonance cryoprobe. Chemical shifts were referenced to external 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS). Protein samples were exchanged into 20 mM sodium acetate-d4, pH 7.0
containing 5% D2O. 1D 1H experiments were recorded using 128 scans using gradient water suppression. NMR
data was processed and analysed using Bruker TopSpin software.

2.7.

Fluorescence Anisotropy Assay (FAA)

All FAA were performed at 25 °C using a PHERAstar plate reader (BMG Labtech, Ortenberg,
Germany) equipped with a fluorescence polarisation module with dedicated excitation and emission
wavelengths of 485 and 520 nm respectively. All sulfopeptides were synthesised in the laboratory of A/Prof
Richard Payne (The University of Sydney) using solid phase peptide synthesis (SPPS) [147]. Sulfopeptide
concentrations were determined using UV spectrophotometry and RP-HPLC [141]. Due to the absorbance at
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280 nm of sulfotyrosine being too weak to assess concentrations directly, the non-sulfated peptide was used to
build a standard curve at 214 nm and determine the concentrations of the corresponding sulfated peptides. The
assay is a two-step process in which the first step, called direct binding assay, determines the affinity of a
chemokine for a fluorescein-tagged sulfopeptide (Fl-R2D) used as a probe. The second step, called competitive
binding assay, determines the affinity of a chosen competitor (non-fluorescent sulfopeptide or evasin) for the
chemokine by measuring its ability to displace the chemokine from the fluorescein-tagged probe. The samples
were prepared in 50 mM MOPS buffer (pH 7.4) using Greiner non-binding, black, flat-bottomed, 96-well
microplates (catalogue no. 655900) or Greiner non-binding, black, flat-bottom, small volume, 384-well
microplates (catalogue no. 784900) coated with 0.001 % poly-L-lysine. Final volumes of 200 and 20 µL per
well were used for the 96-well and 384-well plates, respectively. A separate well containing free fluorescein
(5 nM) was used as a reference for focal height adjustment and intensity and anisotropy calibration. The direct
binding assays were performed using a chemokine solution which was serially 2-fold diluted on the plate with
MOPS buffer (final concentrations from 2000 to 31 nM). A solution of Fl-R2D was then added to all the wells
(final concentration of 10 nM). The competitive binding assays were performed using invariable final
concentrations of the chemokine (100 nM) and Fl-R2D (10 nM) and with a range of concentrations for the
competitor (non-fluorescent sulfopeptides R2A-R2D, R1A-R1D or evasin candidates) which were serially 2fold diluted on the plate using the highest final concentrations of 100 µM (for R1A and R2A), 50 µM (for
R1B, R1C, R2B and R2C), 10 µM (for R1D and R2D), 1 μM (for the evasin candidates) and 300 nM (for
evasin-4 with a 1.33 dilution factor). The plates were read after 5 min to measure fluorescence anisotropy and
assays were performed in duplicate, three times independently.

2.8.

Cell-Based Assays

2.8.1. Mammalian Cell Line and Culture
All experiments used human embryonic kidney 293 (HEK 293) cells stably transfected with the FlpIn™ T-REx™ vector expression system (Flp-In™ T-REx™ 293, Invitrogen™). The Flp-In expression system
ensures that a single copy of the receptor transgene is incorporated into the same position of the genome in
each cell, maintaining equal receptor expression levels across cells. The T-REx (tetracycline-regulated
expression) system places the receptor gene under transcriptional control of the tetracycline-repressor gene
that allows transcription only in the presence of tetracycline. The receptors used for the evasin candidate assays
were cMyc-FLAG-(human)CCR2 and cMyc-FLAG-(human)CCR3, stably transfected into HEK 293 cells.
The rest of the assays were performed using His6-cMyc-(human)CCR1 stably transfected into HEK 293 cells,
except for the β-arrestin recruitment assay in which the transfection is transient. Cells were grown and
maintained in full media comprised of Dulbecco’s modified eagle medium (DMEM, Gibco®) supplemented
with 5 % (v/v) tetracyclin-free fetal bovine serum (FBS, Gibco), 5 μg/mL blasticidin (Invitrogen) to maintain
selection of cells stably transfected with the tetracyclin repressor gene (tetR) and 200 μg/mL hygromycin B
(Invitrogen) to maintain selection of cells stably transfected with the gene of interest. Cells were grown and
maintained at 37 °C in 5 % CO2 in 175 cm2 flasks and were detached from the flask by washing with versene
(PBS/EDTA), followed by incubation in 1 % (w/v) trypsin in versene for 5 minutes. Tyrosine sulfation was
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inhibited 48 hours prior to each experiment by addition of 30 mM sodium chlorate (NaClO3) to cell media.
Receptor expression was induced 24 hours prior to each experiment by addition of 10 μg/mL tetracycline to
cell media.

2.8.2. Generation of Stable Cell Lines
Correctly sequenced plasmids were used to generate stable cell lines. 2.5 x 106 HEK 293 Flp-In T-Rex
cells were plated in a T25 flask. The DNA (10 µg in total: 1 µg pcDNA5/FRT/TO-gene of interest + 9 µg
pOG44 Flp-recombinase expression vector) was diluted in 625 µL of reduced serum media (Opti-MEM). 25
µL Lipofectamine 2000 (InvitrogenTM) was mixed with 600 µL Opti-MEM and incubated at RT for 5 min and
then was added to the DNA tubes, which were then incubated for 20 min at RT. The old media from the cells
was replaced by Opti-MEM. This was followed by the addition of (1.25 mL) complexes (Lipofectamine and
DNA) to the cells and plates were incubated at 37 °C, 5 % CO2. The media was changed after 4-6 h to
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5 % (v/v) tetracycline-free FBS. Cells were
split 48 h post-transfection. Selection of the cells was started using the media containing hygromycin B (200
µg/mL) and blasticidin (5 µg/mL). The cells were fed with the selective medium every 3-4 days until foci were
visible. This process was repeated until a stable cell-line was achieved.

2.8.3. ERK1/2 Phosphorylation Assay
HEK 293 cells stably transfected with His6-cMyc-(human)CCR1 were seeded in a poly-D-lysinecoated 96-well plate in full media containing 10 μg/mL of tetracycline (around 5 x 105 cells per well) and
grown overnight at 37 °C in 5 % CO2. Cells were then washed twice with PBS and serum starved overnight to
minimise basal levels of phosphorylation by incubating in serum-free media (SFM) containing 10 μg/mL of
tetracycline. The cells were stimulated with chemokines in SFM to a total volume of 100 μL per well. Initially
a time-course experiment was conducted over an hour which determined that peak levels of ERK1/2
phosphorylation were achieved at 5 minutes after the addition of chemokine. In subsequent concentration
response experiments, cells were stimulated with chemokines for 5 minutes at 37 °C. The reaction was stopped
by removing the media and adding 100 μL of SureFire lysis buffer per well. Lysis of cells was assisted by
shaking the plate on a plate shaker at 600 rpm for 5 minutes. ERK1/2 phosphorylation was detected in cell
lysates using the AlphaScreen®35 SureFire® pERK1/2 Assay Kit (PerkinElmer, TGR biosciences). 5 μL of
lysate from each well was transferred to a white 384-well Proxiplate™ and 8 μL of SureFire AlphaScreen
detection mix (240:1440:7:7 v/v dilution of SureFire activation buffer: Surefire reaction buffer: AlphaScreen
acceptor beads: AlphaScreen donor beads) was added to each well in green light conditions. This detection
mix contains antibodies that form complexes with phosphorylated ERK1/2. AlphaScreen donor and acceptor
beads are brought closer by binding the antibody complexes, allowing energy transfer from the donor to the
acceptor bead which increases the fluorescence of the acceptor beads with increasing pERK (Figure 3.1). The
plate was incubated in the dark at 37 °C for 1.5 hour after which an Envision® plate reader (PerkinElmer) was
used to measure fluorescence signal using standard AlphaScreen settings. The data were normalised between
the fluorescence emitted without chemokine (0 % response) and in the presence of 10 % (v/v) FBS (100 %
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response) which non-specifically increases ERK1/2 phosphorylation. All experiments were performed in
duplicate and at least three times independently.

2.8.4. Inhibition of Forskolin-Induced cAMP Production
HEK 293 cells stably transfected with the desired receptor were plated in a Petri dish (about 2.5 x 106
cells per dish) and allowed to grow overnight in full media at 37 °C, 5 % CO2. The following day, cells were
transfected in full media with the cAMP BRET biosensor CAMYEL. This biosensor consists of Renilla
luciferase (Rluc) and yellow fluorescent protein (YFP), which are linked by a polypeptide corresponding to
Epac (exchange protein activated by cAMP) (Figure 3.1) and allows detection of relative cAMP levels by
measurement of a BRET signal [268]. For transfection, 2 µg of CAMYEL DNA was diluted in 150 mM NaCl
and added to an equal volume of 150 mM NaCl containing 12 µg of PEI (1:6 DNA to PEI ratio). The
transfection mixture was vortexed immediately for 5 seconds, incubated at RT for 10 minutes and then added
to the cells in full media. Cells were allowed to grow in transfection media mix for 24 hours at 37 °C, 5 %
CO2. Cells were then replated in a poly-D-lysine-coated 96-well white-bottom Culturplate (PerkinElmer) in
full media containing 10 µg/mL tetracycline and cells were incubated for a further 24 hours. Cells were washed
once with 100 μL per well of HBSS and incubated in fresh HBSS for approximately 30 min at 37 °C. Cells
were stimulated in HBSS to a total volume of 100 µL per well. The Rluc substrate coelenterazine h was added
to each well (final concentration of 5 µM) and cells were incubated for 5 minutes at 37 °C. After 5 minutes,
cells were stimulated with chemokines and incubated for a further 5 minutes at 37 °C. Forskolin, which
stimulates the production of cAMP via adenylate cyclase (AC), was then added to each well (final
concentration of 10 µM) and cells incubated for a final 5 minutes before detection. YFP and Rluc emission
signals (535 and 475 nm respectively) were measured using a PHERAstar plate reader (BMG Labtech,
Ortenberg, Germany) and the ratio of YFP:Rluc was used to quantify the relative cAMP level in each well.
Data were normalised between the YFP:Rluc value in the absence of chemokine and forskolin (low cAMP,
100 % inhibition) and the YFP:Rluc in the presence of 10 µM forskolin and absence of chemokine (high
cAMP, 0 % inhibition). All experiments were performed in duplicate and at least three times independently.

2.8.5. β-arrestin 2 Recruitment
Parental HEK 293 cells were plated in a Petri dish (about 2.5x106 cells per dish) and allowed to grow
overnight in full media at 37 °C, 5 % CO2. The following day, cells were transfected in full media with CCR1Rluc DNA and β-arrestin-2-YFP DNA. 1 µg of CCR1-Rluc and 4 μg of β-arrestin-2-YFP were diluted in 150
mM NaCl and added to an equal volume of 150 mM NaCl containing 30 μg of PEI (1:6 total DNA to PEI
ratio) and vortexed for 5 seconds immediately. The transfection mixture was incubated at RT for 10 minutes
and then added to the cells in full media. Cells were allowed to grow in transfection media mix for 24 hours at
37 °C, 5 % CO2. Cells were then replated in a poly-D-lysine-coated 96-well white-bottom Culturplate in full
media and allowed to grow for another 24 hours. Cells were then washed once with 100 μL per well of HBSS
and incubated in fresh HBSS for approximately 30 min at 37 °C. Cells were stimulated in HBSS to a total
volume of 100 µL per well. The Rluc substrate coelenterazine h was added to each well (final concentration
of 5 µM) and cells were incubated for 5 minutes at 37 °C. After 5 minutes, cells were stimulated with
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chemokines and incubated for a further 10 minutes at 37 °C. YFP and Rluc emission signals (535 and 475 nm
respectively) were measured using a PHERAstar plate reader and the ratio of YFP:Rluc was used to quantify
β-arrestin-2 recruitment in each well. Data were normalised by subtracting the YFP:Rluc ratio measured in the
absence of chemokine. All experiments were performed in duplicate and at least three times independently.

2.8.6. G Protein Activation
HEK 293 cells stably transfected with His6-cMyc-(human)CCR1 were plated in a Petri dish and
allowed to grow in full media at 37 °C in 5 % CO2 overnight. The following day, cells were transfected in full
media with 2 µg of Gαi, 1 µg Gβ-Venus(C-terminus), 1 μg of Gγ-Venus(N-terminus) and 1 μg of masGRK3-ct-Rluc [269]
were diluted in 150 mM NaCl and added to an equal volume of 150 mM NaCl containing 30 μg of PEI (1:6
total DNA to PEI ratio) and vortexed for 5 seconds immediately. The transfection mixture was incubated at
RT for 10 minutes and then added to the cells in full media. Cells were allowed to grow in transfection media
mix for 24 hours at 37 °C, 5 % CO2. Cells were then replated in a poly-D-lysine-coated 96-well white-bottom
Culturplate in full media containing 10 µg/mL tetracycline and allowed to grow for another 24 hours. Cells
were then washed once with 100 μL of HBSS and incubated in fresh HBSS for approximately 30 min at 37
°C. Cells were stimulated in HBSS to a total volume of 100 µL per well. The Rluc substrate coelenterazine h
was added to each well (final concentration of 5 µM) and cells were incubated for 5 minutes at 37 °C. After 5
minutes, cells were stimulated with chemokines and incubated for a further 10 minutes at 37 °C. Venus and
Rluc emission signals (535 and 475 nm respectively) were measured using a PHERAstar plate reader and the
ratio of Venus:Rluc was used to quantify relative levels of trimeric G protein dissociation in each well. Data
were normalised by subtracting the Venus:Rluc ratio measured in the absence of chemokine. All experiments
were performed in duplicate and at least three times independently.

2.8.7. Receptor Binding Assay using a Radioligand Probe
Radioligand displacement assay was performed as described by Zweemer et al. [270] using

125

I-CCL3

purchased from PerkinElmer (Product number: NEX298005UC). Labelled chemokines were stored for less
than a week before use to avoid decay. Cell membranes were prepared by centrifuging CCR1 or CCR2
expressing cells for 5 minutes at 3000 g. The pellet was resuspended in ice-cold radioligand buffer and
homogenised by sonication. Membranes and the cytosolic fraction were separated by centrifugation at 40,000
g at 4 °C for 20 minutes. The pellet was resuspended in 10 mL of radioligand buffer, and the homogenisation
and centrifugation steps were repeated. Finally, the membrane pellet was resuspended in radioligand buffer
and aliquoted for storage at -20 °C. Membrane protein concentration was measured using a BCA protein
determination [271].

125

I-CCL2 or

125

I-CCL3 binding assays were performed in a 100 µL reaction volume

containing radioligand buffer and 10 µg of membrane protein. For competition experiments, increasing
concentrations of non-labelled chemokines were incubated with 50 pM of 125I-CCL2 or 125I-CCL3 for 2 hours
at RT. At this concentration, total radioligand binding did not exceed 10 % of the amount added to prevent
ligand depletion. Nonspecific binding was determined with 10 µM INCB3344 or BX471 (CCR2 and CCR1
antagonist, respectively). Separation of bound from free radioligand was performed by rapid filtration through
a 96-well GF/B filter plate precoated with 0.25 % PEI using a Filtermate-harvester (PerkinElmer, Groningen,
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The Netherlands). Filters were washed 3 times with ice-cold radioligand wash buffer and dried at 50 °C for 1
hour. 25 μL of MicroScint-O scintillation cocktail (PerkinElmer) was added to each well and the filter-bound
radioactivity was determined by using a MicroBeta2 LumiJET 2460 Microplate Counter (PerkinElmer). All
experiments were performed in duplicate at least three independent times.

2.9.

Data Analysis and Statistics

2.9.1. Fluorescence Anisotropy
All data points represent the mean and error bars represent the standard error of the mean (SEM) of at least
three independent experiments. The results were analysed using Prism 6.0 (GraphPad Software Inc., San
Diego, CA). The direct binding data were fitted with a non-linear 1:1 binding equilibrium model described by
the following equation:
1
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(Equation 3)

in which: Y is the observed anisotropy; Yi and Yf are the initial and final anisotropy, respectively; Pt is the
total concentration of Fl-R2D; Lt is the total concentration of the chemokine and Kd is the fitted equilibrium
dissociation constant.
The competitive binding data were fitted with a non-linear 1:1 competitive displacement equation
derived by Huff et al. [272], where the concentration of the non-fluorescent peptide was the independent
variable while the dependent variable was the observed anisotropy; fixed input parameters were the total
concentrations of Fl-R2D and chemokine, the final anisotropy value which corresponds to the anisotropy of
the free Fl-R2D and the affinity between Fl-R2D and chemokine (Kd value obtained from the direct binding
assay). The fitted parameters were the initial anisotropy and the Kd between the competitor and the chemokine.

2.9.2. Receptor Binding Assay using a Radioligand Probe
All data points represent the mean and error bars represent the standard error of the mean (SEM) of at
least three independent experiments. The results were analysed using Prism 6.0 (GraphPad Software Inc., San
Diego, CA). The concentration of agonist that inhibited half of the 125I-CCL3 binding (IC50) was determined
using a non-linear one site competitive binding fit described by the following equation:
𝑌𝑌 =

𝑇𝑇𝑇𝑇𝑇𝑇−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
1+ 10(𝑋𝑋−𝑙𝑙𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼50 )

+ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

(Equation 4)

in which X denotes the concentration of unlabeled ligand, Y denotes the percentage-specific binding, Top and
Bottom denote the maximal and minimal asymptotes, respectively and IC50 denotes the X-value when the
response is midway between Bottom and Top.

2.9.3. Concentration-Response Curves
All data points represent the mean and error bars represent the standard error of the mean (SEM) of at least
three independent experiments. The results were analysed using Prism 6.0 (GraphPad Software Inc., San
Diego, CA). All data from concentration-response curves for signalling responses (β-arrestin 2, ERK1/2
phosphorylation, cAMP production and G protein activation) were normalised as outlined above and fitted
using the following three parameter equation:
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Y = bottom +

top − bottom
1+10(log EC 50 −log[ A ])

(Equation 5)

in which top and bottom represent the maximal and minimal asymptote of the concentration–response curve,
[A] is the molar concentration of agonist and EC50 is the molar concentration of agonist required to give a
response half way between bottom and top.

2.9.4. Quantification of the Signalling Bias
Each individual concentration–response curve was also fitted to the following form of the operational
model of agonism [273] to allow the quantification of biased agonism:

 τ n n
(E m − basal)  [A]
 KA 
Y = basal +
n
 τ   [A]  n
n
[A]   + 1+

 KA   KA 

(Equation 6)

in which Em is the maximal possible response of the system, basal is the basal level of response, [A] is the
molar concentration of each agonist, KA represents the equilibrium dissociation constant of the agonist and τ
is an index of the signalling efficacy of the agonist that is defined as RT/KE, where RT is the total number of
receptors and KE is the coupling efficiency of each agonist-occupied receptor, and n is the slope of the
transducer function that links occupancy to response. The analysis assumes that the transduction machinery
used for a given cellular pathway are the same for all agonists, such that the Em and transducer slope (n) are
shared between agonists. Data for all chemokines for each pathway were fitted globally, to determine values
of KA and τ. Biased agonism was quantified as previously described [124]. In short, to exclude the impact of
cell-dependent and assay-dependent effects on the observed agonism at each pathway, the log(τ/KA) value of
a reference agonist, in this case HCC-2, is subtracted from the log(τ/KA) value of the other chemokines to yield
Δlog(τ/KA). The relative bias can then be calculated for each chemokine at the two different signalling
pathways by subtracting the Δlog(τ/KA) of one pathway from the other to give a ΔΔlog(τ/KA) value, which is
a measure of bias. A lack of biased agonism will result in values of ΔΔlog(τ/KA) not significantly different
from 0 between pathways. To account for the propagation of error associated with the determination of
composite parameters, the following equation was used:

Pooled _ SEM =

(SEj1) + (SEj2)
2

2

(Equation 7)

Where pooled_SEM is the calculated error for the difference and SEj1 and SEj2 is the individual
uncorrelated/random error values used to propagate the pooled SEM value.

2.9.5. Statistical Analysis
All affinity (pIC50), potency (pEC50) and transduction ratio (log (τ/KA)) parameters were estimated as
logarithms. Christopoulos et al. have previously demonstrated that the logarithm of the measure is
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approximately Gaussian [274] and, as the application of t-tests and analyses of variance assume Gaussian
distribution, estimating the parameters as logarithms allows valid statistical comparison.
Multiple t-test comparison with Holm-Sidak correction or one way ANOVA were used as stated in
figure legends. Significance is defined as * for p< 0.05, ** for p<0.01 and *** for p < 0.001 for the comparison
graphs.
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3.1. Background
CCR1 is a member of the CC chemokine receptor subfamily and is mainly expressed on the cell surface
of monocytes, natural killer (NK) cells and immature myeloid cells [178]. It has been linked to a large variety
of diseases [179], particularly inflammatory diseases such as multiple sclerosis [181] and rheumatoid arthritis
[203] and plays a role in transplant rejection [197] and cancer [182, 275]. It is a highly promiscuous receptor
that interacts with at least nine CC chemokines and is already recognised as a drug target. Small molecule
inhibitors for CCR1 have been developed, the most common one being BX471 [200]. However, no CCR1
inhibitor is currently approved for treatment mainly due to a lack of efficacy in clinical trials [209].
The chemokine:receptor network is highly complex. Most chemokines bind and activate several
chemokine receptors. Correspondingly, most chemokine receptors bind and respond to multiple chemokines.
Previously, the existence of several ligands for the same receptor was considered as redundancy [276, 277].
However, it is now well accepted that different chemokines can activate the same receptor in different ways,
leading to different signalling and cellular effects. This suggests that the network is even more complex than
it was once thought to be and that there is an opportunity for fine-tuning the receptor’s responses to selectively
recruit leukocytes depending on the type of inflammatory stimuli the tissues are exposed to.
Biased agonism, also known as functional selectivity, has recently attracted a lot of interest in the GPCR
field. It is defined by the fact that different ligands activate a shared receptor differentially, leading to the
stabilisation of different active conformations of the receptor [278]. This causes the receptor to interact with
different effectors, ultimately giving rise to different signalling and cellular outcomes [279]. Biased agonism
has already been reported among chemokine receptors. For example, Kohout et al. have reported that ELC and
SLC have shown biased agonism with CCR7, both ligands being equally potent for calcium mobilisation, but
ELC showing a 4-fold increase in ERK phosphorylation compared to SLC [126]. In addition, Rajagopal et al.
demonstrated that cutaneous T-cell attracting chemokine (CTACK or CCL27) and mucosae-associated
epithelial chemokine (MEC or CCL28) were biased when activating CCR10, both chemokines signalling
through G protein-mediated pathways but only CTACK promoting receptor internalisation through β-arrestinmediated pathways [127]. In the same article, CCR1 was shown to exhibit biased agonism when activated by
various CC chemokines (MIP-1α, RANTES, HCC-1, HCC-2 and MPIF-1). Similarly, Corbisier et al. reported
biased agonism in CCR2 and CCR5 between G protein subtypes [128], which shows an extreme degree of
complexity in the chemokine network.
To better understand the mechanisms regulating the interactions between chemokines and their receptors,
the two-site model was developed by Crump et al. in 1997 [280]. This widely cited model is a good working
model as it accounts for the results of numerous previous structure-function studies. This model identifies two
distinct sites, one involving interactions between the N-loop and β3 regions of the chemokine and the Nterminus of the receptor, controlling receptor binding, the second involving the N-terminus of the chemokine
interacting with transmembrane helices of the receptor, controlling receptor activation and signalling. Despite
being a useful tool, this model may not be detailed enough to account for some more refined concepts that
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have emerged more recently such as biased agonism or the influence of post-translational modifications on
signalling responses.
Several post-translational modifications can happen on both chemokine and receptor and have the potential
to influence the signalling responses engendered by the interaction between chemokines and receptors. On the
receptor side, one of the main post-translational modifications is tyrosine sulfation. Several chemokine
receptors have already been proven to be sulfated [138] and although CCR1 is not among those, it has two
tyrosine residues in a relatively acidic environment which makes them good candidates for sulfation. Tyrosine
sulfation has been reported to increase binding affinity of chemokines for the receptors as well as potency
[145], so it could potentially influence biased agonism.
On the chemokine side, an important post-translational modification that has a major impact on receptor
activation is N-terminal truncation. Chemokines are originally expressed with a signal sequence that gets
cleaved off to produce a mature protein. However some chemokines, such as the CCR1 ligand HCC-2, can be
further processed on their N-termini by proteases, which generates an array of chemokines with N-terminal
regions of various lengths. The chemokine N-terminus being the main region governing receptor activation,
varying its length usually leads to inactive mutants. However, HCC-2, which initially has a long N-terminus
(31 residues before the CC motif), is only partially active in its full-length form whereas removal of 24 or 26
residues (HCC-2(Δ24) and HCC-2(Δ26), respectively) converts it into its most potent forms [41]. HCC-2(Δ12)
has also been reported to activate CCR1, which is surprising considering that numerous studies have shown
how sensitive chemokine N-termini are to mutations or truncations.
Considering the ability of CCR1 to be activated by a variety of chemokine ligands and the potential of
both the receptor and its ligands to undergo post-translational modifications, we hypothesised that differential
signalling responses of CCR1 may be influenced by those modifications. To this end, we undertook a
systematic study of CCR1 biased agonism, as described in this chapter. In addition to comparing the CCR1
signalling profiles in response to several chemokines, we also investigated the influences of various factors,
including receptor tyrosine sulfation and chemokine N-terminal modifications, and characterised the kinetics
of the CCR1 signalling.
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3.2.

CCR1 Signalling Responses

Binding of chemokines to their cognate receptor results in activation of several downstream pathways that
can be monitored to determine whether the different ligands are biased towards one pathway relative to another.
There are many options in the readouts that can be measured. For this study we selected two proximal, nonamplified assays (recruitment of β-arrestin 2 (β-Arr2) and G protein activation (GPA)) and two downstream,
amplified signals (inhibition of adenosine 3’,5’-monophosphate (cAMP) production and phosphorylation of
ERK1/2). For the proximal signals, the best-coupled ligand will be the most efficacious ligand. However, for
the amplified signals, maximal efficacies are similar for differently-coupled ligands because the signals are
amplified to the full capacity of the pathway even when the receptor is not fully activated. In this case, strongly
coupled ligands are expected to exhibit higher potency than weakly coupled ligands [281]. Initially, three
chemokines (HCC-2(Δ26), MCP-2 and MCP-3) were used to activate CCR1 and compared to assess for biased
agonism at CCR1.
Binding between CCR1 and the chemokines was measured using a radioligand displacement assay (Figure
3.1A). Membranes of HEK 293 cells overexpressing CCR1 were incubated with 125I-MIP-1α and increasing
concentrations of non-labelled chemokines. HCC-2 had the highest affinity for CCR1 (pIC50 = 10.2 ± 0.2),
followed by MCP-3 (pIC50 = 9.6 ± 0.2) and MCP-2 (pIC50 = 8.7 ± 0.1). HCC-2 having the highest affinity for
CCR1, it was chosen as a reference for the bias factor calculations.
The first proximal signal that was measured was β-Arr2 recruitment. This assay used CCR1-Rluc8 and βArr2-YFP constructs in HEK293 cells (see Chapter 2, section 2.7.5 for details). β-Arr2 recruitment to the
receptor brings the YFP and Rluc8 proteins close to each other which enables the BRET signal to be detected.
The three chemokines induced β-Arr2 recruitment with different potencies, HCC-2 being the most potent,
followed by MCP-3 and then MCP-2 (Figure 3.1B). However, HCC-2 and MCP-2 had similar efficacies
(around 0.08 AFU above the baseline) and MCP-3 had a significantly lower efficacy (around 0.03 AFU above
the baseline). The order of efficacies for this assay was different from what would have been expected if
coupling to the β-arr2 pathway was simply a reflection of ligand binding affinity. This difference is an early
indication of biased agonism.
The second proximal signal that was measured was G protein activation (GPA). This assay used a wildtype Gα subunit (which allows for Gα screening), a Gβ subunit tagged with the C-terminal part of a Venus
protein, a Gγ subunit tagged with the N-terminal part of a Venus protein and a GRK3-Rluc8 construct that is
embedded in the cell membrane [269]. When the receptor is activated, the trimeric G protein is separated in
two parts and the Gβγ subunit is recruited to GRK3, which brings the Venus and Rluc8 proteins close to each
other and enables the BRET signal to be detected (Figure 3.1C). The order of potencies was the same as the βarr2 assay but the order of efficacies was different. MCP-3 and MCP-2 were the most efficacious agonists.
This swap in the order of efficacies between proximal signals can best be explained by the agonists being
biased towards different pathways.
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To further investigate biased agonism at CCR1, two important downstream signals were chosen. The first
assay focuses on the regulation of the activity of the enzyme adenylyl cyclase (AC). This enzyme is responsible
for the production of the second messenger cAMP. CCR1 is mainly coupled to the Gαi subunit, which, after
dissociation from the receptor and Gβγ subunits, directly inhibits the activity of AC [282]. To measure the
levels of cAMP present in the cells, a CAMYEL biosensor was used (Figure 3.1D). In this assay, a BRET
signal is detected when the biosensor is free from cAMP. The more cAMP is produced within the cell, the
lower the BRET signal is. For this pathway, HCC-2 and MCP-3 were the most potent agonists which is
different from the two previous results and supports the biased agonism hypothesis.
The other important downstream event that was investigated was phosphorylation and activation of the
ERK1/2, which involves several distinct and overlapping signalling pathways. The coupling of CCR1 to either
Gαi or Gβγ subunits or β-arrestins leads to phosphorylation of ERK1/2. The levels of phosphorylated ERK1/2
were detected in cell lysates using AlphaScreen technology (streptavidin donor beads and protein A acceptor
beads) (Figure 3.1E). For this pathway, HCC-2 was the most potent ligand and MCP-3 the most efficacious.
The potency and efficacy values for the three ligands in all assays are listed in Table 3.1.

3.3.

Influence of Tyrosine Sulfation on CCR1 Signalling

The previous results suggest that CCR1 exhibits biased agonism in response to chemokine ligands. CCR1
has two potential tyrosine sulfation sites in its N-terminal part, which is known to be critical for
chemokine:chemokine receptor interaction. It is not currently known whether CCR1 N-terminus is sulfated or
not, however sulfation has already been proven to be an important factor for chemokine receptor signalling, as
it increases receptor affinity for chemokines and can influence selectivity as well as chemokine oligomerisation.
Therefore, we hypothesised that tyrosine sulfation may influence biased agonism at CCR1. To test this
hypothesis, the same set of experiments described in section 3.2 was performed on cells treated with sodium
chlorate and compared to the results for non-treated cells. Chlorate inhibits tyrosine sulfation by competing
with sulfate ions when binding to ATP–sulfurylase, the enzyme that initiates the formation of PAPS [283].
PAPS is used by TPST as a source of sulfate groups to transfer onto tyrosine residues and therefore preventing
its formation results in inhibition of tyrosine sulfation within the cells.
Results are shown in Figure 3.2 and Table 3.2 and revealed that sulfation did not have any effect on
chemokine binding affinities for CCR1 which was unexpected. The effect on signalling responses was also
very subtle. Potencies remained similar for all assays although some pERK data were difficult to fit. Efficacy
values remained similar for β-Arr2 recruitment and cAMP inhibition. GPA efficacies showed a slight increase
but the main effect was on the decrease in pERK efficacy values. We are not sure how to explain this result
because ERK phosphorylation seems to be the only response significantly affected. If this effect is due to
differences in receptor sulfation, it would be expected that other responses upstream from ERK
phosphorylation would also be affected. As this was not the case, it is worth noting that the chlorate treatment
could be responsible for the change in ERK phosphorylation. Although the positive controls for pERK using
FBS did not vary upon chlorate treatment, it would be useful to perform more controls as FBS is not specific.
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Figure 3.1: Chemokines Display Different Efficacies and Affinities at CCR1. Each experiment is
represented by two figures. On the left-hand side, a graph shows the concentration-response data for three
chemokines HCC-2, MCP-2 and MCP-3. Data points represent means ± SEM of at least three independent
experiments performed in duplicate. On the right-hand side is a schematic representation of the assay. (A)
Competitive displacement was measured using membrane preparations of His6-cMyc-CCR1 Flp-In T-REx
HEK 293 cells and 125I-MIP-1α as a probe. (B) β-arr2 recruitment was measured using parental HEK 293 cells
transiently transfected with plasmids encoding CCR1-RLuc8 and β-arr2-YFP. (C) GPA was measured using
His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi1. Transfections were performed as described in
Chapter 2, section 2.7.6. (D) cAMP inhibition was measured using His6-cMyc-CCR1 Flp-In T-REx 293 cells
transiently transfected with a BRET-based cAMP biosensor. (E) ERK1/2 phosphorylation assay was
performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and the amount of phosphorylated ERK1/2
was measured by AlphaScreen detection.

CCR1

MW

Predicted
Mass (Da)
HCC-2(Δ26) 7212.4
MCP-2
8914.4
MCP-3
8956.4

Radioligand
Binding

pERK

pIC 50

pEC 50

Emax (%)

10.2 ± 0.2
8.7 ± 0.2
9.6 ± 0.2

8.6 ± 0.2
7.0 ± 0.2
8.0 ± 0.1

25.4 ± 1.0
20.8 ± 1.5
30.4 ± 1.2

β-Arr2
pEC 50

Emax (AFU)

cAMP
pEC 50

Emax (%)

GPA
pEC 50

Emax (AFU)

8.6 ± 0.1 0.076 ± 0.003 8.6 ± 0.2 28.7 ± 1.6 9.0 ± 0.2 0.053 ± 0.004
7.0 ± 0.1 0.079 ± 0.006 7.3 ± 0.1 46.0 ± 3.0 7.5 ± 0.1 0.082 ± 0.004
8.3 ± 0.1 0.035 ± 0.002 8.0 ± 0.1 48.8 ± 1.8 7.9 ± 0.1 0.076 ± 0.004

Table 3.1: Affinity, Potency and Efficacy Values of Various Chemokines at the Receptor CCR1 for
Radioligand Binding, ERK Phosphorylation, β-arrestin 2 Recruitment, cAMP Inhibition and G Protein
Activation Assays. Data represent mean ± SEM of at least three independent experiments performed in
duplicate. Assays were performed using non-treated cells, which means that the receptor could be sulfated.
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Figure 3.2: Influence of Tyrosine Sulfation on CCR1 Signalling Responses. (A) Competitive displacement
was measured using membrane preparations of His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and 125I-MIP1α as a probe. (B) β-arr2 recruitment was measured using parental HEK 293 cells transiently transfected with
plasmids encoding CCR1-RLuc8 and β-arr2-YFP. (C) GPA was measured using His6-cMyc-CCR1 Flp-In TREx HEK 293 cells and Gαi1.Transfections were performed as described in Chapter 2, section 2.7.6. (D) cAMP
inhibition was measured using His6-cMyc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRETbased cAMP biosensor. (E) ERK1/2 phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In TREx HEK 293 cells and the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Each
graph shows the concentration-response data for three chemokines HCC-2, MCP-2 and MCP-3, using cells
grown in the absence (filled symbols and solid lines) or presence (open symbols and dashed lines) of 30 mM
sodium chlorate. Data points represent means ± SEM of at least three independent experiments performed in
duplicate.
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MW

CCR1
HCC-2(Δ26)
MCP-2
MCP-3

Radioligand Binding

Without
Predicted
chlorate
Mass (Da)
pIC 50
7212.4 10.2 ± 0.2
8914.4
8.7 ± 0.2
8956.4
9.6 ± 0.2

With
chlorate

pERK
Without chlorate

pIC 50
pEC 50
Emax (%)
pEC 50
10.0 ± 0.1 8.6 ± 0.2 25.4 ± 1 8.1 ± 0.2
8.7 ± 0.1 7.0 ± 0.2 20.8 ± 1.5 7.4 ± 0.4
9.8 ± 0.1 8.0 ± 0.1 30.4 ± 1.2 7.3 ± 0.5

HCC-2(Δ26)
MCP-2
MCP-3

Without chlorate

Emax (%)
16.3 ± 1.2
4.3 ± 0.9
3.2 ± 0.7

cAMP

B-Arr2

CCR1

With chlorate

With chlorate

Without chlorate

With chlorate

Emax (%)
pEC 50
Emax (AFU)
pEC 50
pEC 50
Emax (AFU)
pEC 50
Emax (%)
8.6 ± 0.1 0.076 ± 0.003 8.4 ± 0.1 0.091 ± 0.004 8.6 ± 0.2 28.7 ± 1.6 8.2 ± 0.1 38.8 ± 2.1
7.0 ± 0.1 0.079 ± 0.006 6.7 ± 0.1 0.075 ± 0.006 7.3 ± 0.1 46.0 ± 3.0 7.4 ± 0.1 49.5 ± 2.4
8.3 ± 0.1 0.035 ± 0.002 7.7 ± 0.2 0.032 ± 0.004 8.0 ± 0.1 48.8 ± 1.8 7.7 ± 0.1 57.7 ± 3.2
GPA

CCR1
HCC-2(Δ26)
MCP-2
MCP-3

Without chlorate

With chlorate

Emax (AFU)
Emax (AFU)
pEC 50
pEC 50
9.0 ± 0.2 0.053 ± 0.004 9.0 ± 0.1 0.082 ± 0.003
7.5 ± 0.1 0.082 ± 0.004 7.4 ± 0.1 0.098 ± 0.006
7.9 ± 0.1 0.076 ± 0.004 7.6 ± 0.1 0.11 ± 0.005

Table 3.2: Affinity, Potency and Efficacy Values of Various Chemokines at the Receptor CCR1 for
Radioligand Binding, ERK Phosphorylation, β-arrestin 2 Recruitment, cAMP Inhibition and G Protein
Activation Assays. Data represent mean ± SEM of at least three independent experiments performed in
duplicate. Assays performed using non-treated cells characterise a potentially sulfated receptor (probably a
mixture of heterogeneous sulfation states) and assays performed using chlorate-treated cells characterise a nonsulfated version of the receptor.
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ERK phosphorylation assays using HEK cells expressing a receptor that cannot be sulfated could be performed
in the presence or absence of chlorate treatment to make sure chlorate does not affect the ability of cells to
signal through ERK phosphorylation. As the influence of receptor sulfation was subtle and restricted to ERK
phosphorylation results, it is difficult to conclude on the sulfation state of CCR1. Thus, additional experiments
should be performed to investigate further. For example, using a proteomic approach could be envisaged where
a methylation step could be performed before submitting samples to mass spectrometry. This could allow for
identification of tyrosine residues that were originally sulfated in case the sulfate groups are too volatile to be
seen directly in mass spectrometry. In addition, this method could answer several questions on the location of
sulfation sites and heterogeneity of sulfated receptor population across cells types and tissues.

3.4.

Determination of Bias Factors

To quantify the biased agonism observed in CCR1 signalling and to assess the effect of tyrosine sulfation,
we analysed our data using a derivation of the Black and Leff operational model of agonism [273]. This model
was used to fit each concentration-response experiment and yielded a “transduction coefficient” log(τ/KA) as
a measure of intrinsic activity of an agonist at a given pathway. The two parameters in the transduction
coefficient are the equilibrium dissociation constant of the agonist for the form of the receptor coupled to the
relevant pathway (KA) and an operational measure of signal efficacy (τ), which is ligand and pathway
dependent [124].
Transduction coefficient values were obtained for each chemokine, each pathway and each individual
experiment at the receptor CCR1, averaged and then normalised to the values of the chosen reference, HCC-2
in this case (with and without chlorate treatment). This first normalisation removes any system (that is cell
background dependent) and observational (that is assay dependent) bias. It is worth noting that ERK
phosphorylation assays are performed with a five-minute activation time instead of ten minutes for the other
assays. This is due to the transient nature of the ERK phosphorylation response with a maximal signal five
minutes after addition of chemokines. This could have an influence on the calculated transduction coefficients
but further kinetic studies would have to be performed to answer this question. Comparison of these normalised
values across the different pathways (Figure 3.3) revealed that MCP-2 and MCP-3 displayed biased agonism
relative to HCC-2 when activating CCR1. This is the most obvious when comparing the inhibition of forskolininduced cAMP production to β-arrestin 2 recruitment (Figure 3.3B). MCP-2 and -3 are both biased towards
cAMP inhibition and away from β-arrestin 2 recruitment compared to HCC-2. This result is comparable to
results published by Rajagopal et al. in 2013 [127] where different CCR1 ligands were used to activate cAMP
inhibition and β-arrestin 2 recruitment and compared using MIP-1α as a reference for the bias factor
calculations. HCC-2 was found biased towards β-arrestin recruitment and RANTES and MPIF-1 were found
biased towards cAMP inhibition. These two signalling events are well characterised and occur through distinct
pathways. The receptor is interacting with different intracellular proteins, which is consistent with the receptor
adopting different conformations when activated by different ligands.
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Figure 3.3: Bias Factor Plots. Each graph shows the bias factors relative to HCC-2 for the chemokines MCP2 and MCP-3 with and without chlorate treatment on the cells 48 h prior to the experiments. Bias factors were
calculated according to the Black and Leff operational model of agonism. Data points represent means ± SEM
of at least three independent experiments performed in duplicate. Statistical analysis was performed using oneway ANOVA with Tukey’s multiple comparison correction. * p < 0.05, ** p < 0.01, *** p < 0.001.
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However, bias between two G protein-mediated pathways was also observed. MCP-2 and -3 were both
biased towards cAMP inhibition and away from G protein activation (Figure 3.3D), in the absence of sulfation.
This result could potentially be explained by the hypothesis that cAMP inhibition occurs through a different
Gα subunit from the Gαi1 that was used in the G protein activation assay. Our investigation of this hypothesis
is described in the following section.

3.5. Timecourses and Gα Proteins Screen
To explore the possibilities of bias between two G protein-mediated pathways, we decided to use the same
G protein activation assay as previously (Figure 3.2C), in which wild type Gα subunits are transfected into the
cells, to screen several Gα subunits and see if any bias could be detected between Gα proteins. Five inhibitory
subunits, known to inhibit AC and interact with chemokine receptors were chosen (i1, i2, i3, oA and oB) and
experiments were performed using non-treated and chlorate-treated cells because the previous bias observed
seemed to be affected by receptor sulfation. We also decided to add RANTES as a fourth chemokine to increase
the likelihood of observing bias and to perform a timecourse as biased agonism has been shown to be timedependent for the dopamine D2 receptor [284]. Kinetic studies are important because most assays are
performed under pseudo-equilibrium conditions where the receptor occupancy of an agonist may differ
depending on the time at which the measurement is taken. This may affect agonist potency and, if there are
marked differences in binding kinetics within a subset of ligands, this could be misinterpreted as biased
agonism.
A subset of data from the Gα screen and timecourse is shown in Figures 3.4 to 3.6 and the full data set is
available in Appendix II, Figures 1 to 5. Figure 3.4 represents the concentration-response curves for HCC-2,
MCP-2, MCP-3 and RANTES using different wild-type Gα subunits, 10 minutes after the addition of
chemokines. It shows that all Gα subunits tested are activated in a similar way. HCC-2 is the most potent
chemokine and RANTES the most efficacious while MCP-2 is the least potent and efficacious chemokine.
When analysing this data set with the Black and Leff operational model of agonism and calculating the bias
factors for each Gα protein and chemokine at 10 minutes, it turned out that no bias between G protein could
be observed.
Figure 3.5 shows the timecourse data for Gαi2 and the same four chemokines. This shows that the
concentration-response curves do not change significantly over time. There is a slight loss in efficacies over
time, however, as it is consistent for all chemokines, it did not affect bias factors. Similarly, Figure 3.6 shows
the influence of tyrosine sulfation on the receptor ability to dissociate trimeric G proteins. As previously
observed, and regardless of the Gα subtype, preventing tyrosine sulfation did not influence signalling or bias.
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Figure 3.4: Concentration-response Curves for Gα Screen. GPA was measured using His6-cMyc-CCR1
Flp-In T-REx HEK 293 cells and five different wild-type Gα subunits. Transfections were performed as
described in Chapter 2, section 2.7.6. In each graph, a different Gα subunit is used and the concentrationresponse curves of four chemokines HCC-2, MCP-2, MCP-3 and RANTES, are shown ten minutes after the
addition of chemokines. Data points represent means ± SEM of at least three independent experiments
performed in duplicate.
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Figure 3.5: Concentration-response Curves and Timecourse. GPA was measured using His6-cMyc-CCR1
Flp-In T-REx HEK 293 cells and Gαi2. Transfections were performed as described in Chapter 2, section 2.7.6.
Each graph shows, for a chemokine, the concentration-response data for five time points using Gαi2 as an
example. Data points represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure 3.6: Concentration-response Curves and Receptor Tyrosine Sulfation. GPA was measured using
His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi2. Transfections were performed as described in
Chapter 2, section 2.7.6. Each graph shows, ten minutes after the addition of chemokines, the concentrationresponse data for four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated and chloratetreated cells. Data points represent means ± SEM of at least three independent experiments performed in
duplicate.
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3.6. Design of HCC-2/MCP-3 Chimeric Chemokines and CCR1 Signalling
The previous results in this chapter suggest that HCC-2 and MCP-3 both activate CCR1 but in different
ways. This made us wonder which differences between MCP-3 and HCC-2 could result in biased agonism.
The two-site model hypothesised that the N-terminal part of the chemokine is the main region of chemokines
that controls receptor activation. Therefore, we chose to alter this region of the chemokines, as HCC-2 and
MCP-3 have different N-termini and it is likely to have an effect on receptor activation. As mentioned in the
introduction of this chapter, several chemokines can be naturally N-terminally truncated, generating an array
of chemokines with various lengths N-termini, that are more or less able to activate their cognate receptors.
HCC-2 being one of these processed chemokines, it became of interesting to assess whether the length or the
nature of the N-terminus had an influence on CCR1 biased agonism.
A set of five chimeric and truncated chimeras was designed by swapping the N-termini between HCC-2
and MCP-3 and by varying the length of the HCC-2 N-terminus (Figure 3.7A-B). Clones corresponding to
each chimera were ordered from GenScript and each clone was expressed in E. coli BL21 (DE3). Expression
levels were sufficient for all proteins and each protein was purified using the process described in Chapter 2,
section 1.5. HCC-2(N-MCP-3) and HCC-2(Δ28) were successfully purified and the final size exclusion
chromatograms and SDS-PAGE gels are presented in Figure 3.7C-D. However, HCC-2(Δ12) was very
insoluble due to its longer N-terminus and could not be refolded. MCP-3(N-HCC-2) and HCC-2(Δ24) were
successfully refolded but the affinity tag attached to the N-terminus could not be cleaved off despite several
attempts under various conditions. Therefore, the CCR1 signalling experiments were performed using only
HCC-2(N-MCP-3) and HCC-2(Δ28) and HCC-2 (also called HCC-2(Δ26)) and MCP-3 as references.
The same signalling readouts as section 3.2 were measured using BRET-based detection for β-arrestin 2
recruitment, G protein activation and cAMP inhibition and AlphaScreen detection for ERK1/2 phosphorylation
assays. The concentration-response curves from these experiments are presented in Figure 3.8 and the derived
parameters are listed in Table 3.3. Both chimeras were active at CCR1 and presented different signalling
profiles from HCC-2 and MCP-3. The ability of HCC-2(Δ28), which is two residues shorter than HCC-2, to
activate CCR1 is in agreement with previously published results [285]. However, it is unusual for chemokines
to be able to signal with such a short N-terminus because the N-terminus is expected to reach deeper into the
receptor transmembrane helices, which does not seem possible with a three-residue N-terminus. For HCC2(N-MCP-3), the results were expected to be very similar to MCP-3 because according to the two-site model,
the N-terminus of the chemokine governs the receptor activation and thus, the signalling outcomes. However,
HCC-2(N-MCP-3) had an intermediate profile. This mutant behaves like HCC-2 for pERK and GPA readouts
(Figure 3.8B,C and E) and similarly to HCC-2 in the β-Arr2 assay (Figure 3.8A), albeit with reduced efficacy.
In contrast, in the cAMP inhibition assay, this mutant is more potent than HCC-2 or MCP-3 and has an
intermediate efficacy value between the two parental chemokines.
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Figure 3.7: HCC-2/MCP-3 Chimeras. (A) Sequence alignment for the set of five chimeras and the two
original chemokines (WT). (B) Schematic representation of the five truncated and chimeric chemokines with
the two original chemokines at the top (HCC-2 in blue) and the bottom (MCP-3 in green). The two proteins
that were successfully expressed and purified are circled in red. (C) HCC-2(N-MCP-3) purification:
preparative size exclusion chromatogram and SDS-PAGE gel of the desired fractions under non-reducing
conditions. (D) HCC-2(Δ28) purification: preparative size exclusion chromatogram and SDS-PAGE gel of the
desired fractions under non-reducing conditions.
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Figure 3.8: Influence of Chimeric HCC-2/MCP-3 Chemokines on CCR1 Signalling Responses. (A) βarr2 recruitment was measured using parental HEK 293 cells transiently transfected with plasmids encoding
CCR1-RLuc8 and β-arr2-YFP. (B-C) GPA was measured using His6-cMyc-CCR1 Flp-In T-REx HEK 293
cells and Gαi1 (B) and Gαi2 (C) constructs (as described in Chapter 2, section 2.7.6). (D) cAMP inhibition was
measured using His6-cMyc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP
biosensor. (E) ERK1/2 phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293
cells and the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Each graph shows
the concentration-response data for a different signal readout. Data points represent means ± SEM of at least
three independent experiments performed in duplicate.
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Emax (%)
25.4 ± 1.0
28.2 ± 0.6
28.3 ± 0.8
30.4 ± 1.2

pEC 50
8.6 ± 0.2
8.9 ± 0.1
8.7 ± 0.1
8.0 ± 0.1

pERK

8.6 ± 0.1
9.0 ± 0.1
8.9 ± 0.1
8.3 ± 0.1

pEC 50
0.076 ± 0.003
0.057 ± 0.002
0.059 ± 0.003
0.035 ± 0.002

Emax (AFU)

B-Arr2

8.6 ± 0.2
9.7 ± 0.2
9.4 ± 0.2
8.0 ± 0.1

pEC 50
28.7 ± 1.6
35.5 ± 1.9
35.7 ± 2.2
48.8 ± 1.8

Emax (%)

cAMP

9.0 ± 0.2
9.2 ± 0.2
8.6 ± 0.3
7.9 ± 0.1

pEC 50
0.053 ± 0.003
0.043 ± 0.004
0.041 ± 0.004
0.076 ± 0.004

Emax (AFU)

GPA αi1

9.3 ± 0.2
8.9 ± 0.2
9.1 ± 0.1
7.6 ± 0.1

pEC 50
0.048 ± 0.004
0.054 ± 0.003
0.060 ± 0.003
0.084 ± 0.004

Emax (AFU)

GPA αi2

experiments performed in duplicate.

Recruitment, cAMP Production Inhibition and G Protein Activation Assays. Data represent mean ± SEM of at least three independent

Table 3.3: Potency and Efficacy Values of Chimeric HCC-2/MCP-3 Chemokines at the Receptor CCR1 for ERK Phosphorylation, β-arrestin-2

MW
Predicted
CCR1
Mass (Da)
HCC-2(Δ26)
7212.4
HCC-2(N-MCP-3) 7670.0
HCC-2(Δ28)
6928.1
MCP-3
8956.4
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Bias factors were calculated using the same method as in section 3.4, based on the operational model of
agonism developed by Black and Leff. Results (Figure 3.9) show that the previously observed bias of MCP-3
towards cAMP inhibition and away from β-Arr2 when compared to HCC-2 remained and that swapping the
HCC-2 N-terminus and replacing by the N-terminus of MCP-3 makes HCC-2(N-MCP-3) also biased towards
cAMP inhibition and away from β-Arr2 when compared to HCC-2 (Figure 3.9C). Other biases resulted from
the N-terminal modifications, such as bias towards cAMP inhibition and away from pERK for both HCC-2(NMCP-3) and HCC-2(Δ28) when compared to HCC-2 (Figure 3.9J) and bias towards cAMP inhibition or GPA
αi2 and away from GPA αi1 for HCC-2(Δ28) (Figure 3.9E, F). This shows bias between G protein-mediated
pathways but also between Gα proteins, which is novel.

3.7. Discussion
CCR1 is a very promiscuous receptor, expressed on the surface of monocytes, lymphocytes and dendritic
cells. CCR1+ cells and ligands of this receptor are increased in numerous inflamed tissues. CCR1 blockade
has been effective in animal models of rheumatoid arthritis (RA), multiple sclerosis (MS) and several other
diseases [209]. However, in clinical trials for RA, MS and chronic obstructive pulmonary disease, CCR1
antagonists did not demonstrate significant efficacy [208, 286]. Thus, it is essential to understand CCR1
signalling better to improve our strategies to treat these diseases.
In this chapter, we showed that CCR1 exhibits biased agonism when activated by HCC-2, MCP-2 and
MCP-3. This result was not surprising, knowing that CCR1 can be activated by at least nine CC chemokines
and it already exhibited biased agonism when activated by some other chemokines. The strongest bias was
observed with MCP-3 biased towards cAMP inhibition and away from β-arrestin 2 recruitment in comparison
to HCC-2. These two pathways involve different signalling proteins interacting with the intracellular side of
the receptor. This is consistent with the idea that different ligands can stabilise different active conformations
of the same receptor, favouring interactions with β-arrestin 2 when the receptor is bound to HCC-2 and
favouring interactions with G proteins when the receptor is bound to MCP-3. In addition to this expected result,
the initial biased agonism study suggested that bias could be seen between pathways that both involve G
proteins interacting with the receptor and that this bias may be dependent on the sulfation state of the receptor.
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Figure 3.9: Bias Factor Plots. Each graph shows the bias factors for three chemokines HCC-2(N-MCP-3),
HCC-2(Δ28) and MCP-3 relative to HCC-2(Δ26). Bias factors were calculated according to the Black and
Leff operational model of agonism. Data points represent means ± SEM of at least three independent
experiments performed in duplicate. Statistical analysis was performed using one-way ANOVA with Tukey’s
multiple comparison correction. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Therefore, we decided to investigate further by performing a Gα screen and it was expected that tyrosine
sulfation would have some influence on CCR1 binding affinities and/or on its biased agonism, which was not
the case. This result could be explained by the inefficacy of the chlorate treatment. However, this hypothesis
is less likely as controls were performed on cMyc-FLAG-hCCR2 expressing HEK 293 Flp-In Trex cells. An
anti-FLAG antibody which recognises only the non-sulfated version of the FLAG tag, was used in ELISA
assays to assess the efficacy of the chlorate treatment. cMyc-FLAG-hCCR2 could not be detected by the antiFLAG antibody in the absence of chlorate treatment because the FLAG tag was sulfated. In addition, treating
the cells with chlorate enabled the detection of the receptor. Although this is not a direct measurement of the
receptor sulfation state of the receptor, it is a proof of principle that chlorate treatment inhibits tyrosine
sulfation. A similar experiment could be performed using a FLAG-tagged CCR1 construct. Although no effect
of sulfation was observed in the current study suggesting that CCR1 was probably not sulfated when
overexpressed in HEK cells, it may not be the same for an endogenously expressed receptor. Therefore, it
remains possible that sulfation may influence the activity of endogenous CCR1. However, this would have to
be tested using THP-1 cells for example. In addition, the population of sulfated receptors could vary from one
tissue to another and from one condition to another (for example, in the presence or absence of inflammatory
stimuli). This could provide a customisable response adapted to specific needs. Future studies will be needed
to investigate these possibilities.
To increase our understanding of the mechanisms involved in CCR1 biased agonism, we designed
chimeras between HCC-2 and MCP-3. The N-terminal part of the chemokines was chosen to be modified.
Based on the two-site model, the N-terminus of the chemokine is the main region directly activating the
receptor and generating cellular responses. Thus, according to this model, we predicted that swapping the Nterminus of HCC-2 and replacing by the N-terminus of MCP-3 should result in a chimera biased towards
cAMP inhibition and away from β-Arr2. This was indeed the case because HCC-2(N-MCP-3), like wild type
MCP-3, exhibits bias towards cAMP inhibition and away from β-Arr2 recruitment (Figure 3.9C). However,
when looking at the individual concentration response curves, it can be seen that despite the final bias being
the same, HCC-2(N-MCP-3) does not have a similar signalling profile to MCP-3 (Figure 3.8A-D). This result
indicates that the N-terminus is not the only region of the chemokine influencing receptor activation and that
other parts are also important when it comes to controlling signalling responses. To test this hypothesis, more
HCC-2/MCP-3 chimeras could be designed where other regions, particularly the N-loop, are swapped and
tested for CCR1 activation.
Truncating HCC-2(Δ26) also resulted in alteration of bias. HCC-2(Δ28) became biased towards GPA αi2
and away from GPA αi1, as well as biased towards cAMP inhibition and away from GPA αi1 when compared
to HCC-2. This suggests that the length of the N-terminus is important for activation, but also biased agonism
and it would be of interest to explore this result in more details by making more truncated variant of HCC-2.
It is already known that even the longer N-terminal variant of HCC-2 can activate CCR1 but biased agonism
has not been tested yet.
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When considering the two most amplified pathways, cAMP inhibition and ERK phosphorylation, both
modified chemokines were significantly biased towards cAMP inhibition and away from ERK phosphorylation
when compared to HCC-2, which was not the case with MCP-3. Thus, modifying the N-termini of both
proteins, resulting in one longer and one shorter N-terminus, made them both about 10-fold more potent for
cAMP inhibition than any of the two wild-type chemokines (Figure 3.8D and Table 3.3). This is where the
two-site model is not sufficient to understand and explain this result.
In summary, the results presented in this Chapter argue in favour of parts of the chemokines other than the
N-terminus being involved in controlling CCR1 signalling. This is different from recent results obtained in our
laboratory for CCR2 signalling where the main interactions between the MCP family and CCR2 were primarily
located within the N-terminus [287]. CCR2 was not found to exhibit biased agonism but partial agonism
instead when activated by the MCP family. So, it is possible that when biased agonism is observed more
regions of the chemokine are needed to interact with the receptor to stabilise various active conformations. On
the other hand, considering a particular pathway, a partial agonist could stabilise the same conformation as a
full agonist but to a lesser extent. Thus, no new interactions have to be formed which is likely to be different
for a biased agonist.
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4.1.

Background

Based on the results from the previous chapter as well as other published results [127], CCR1 exhibits
biased agonism when activated by different cognate chemokines. However, it is unknown at this stage how
CCR1 signalling is controlled. According to the two-site model (Figure 4.1), swapping N-termini between
HCC-2 and MCP-3 should have been sufficient to make them signal like each other, but this was not the case.
This raised several questions, in particular; which other regions of the chemokine are involved in controlling
CCR1 signalling and how can the two-site model be further developed to account for our more recent results?
To explore these questions, we decided to investigate CCR1 binding and activation by studying both proposed
sites of interactions.
Mutational and structural studies have previously identified the N-terminus of chemokine receptors
(receptor site 1) as the initial chemokine binding site [288, 289]. If this region actually contributes to the
dominant chemokine binding interactions then peptides with the same sequence as the receptor N-terminus
should mimic the receptor binding behaviour (affinity and selectivity). These N-terminal peptides are often
used as simplified models of chemokine receptors [145] but their ability to mimic receptors has not carefully
been assessed. In most cases, these peptides also contain the potential sulfation sites of the receptor, which
makes the issue more complex. To further explore the site 1 interactions that contribute to chemokine binding
by CCR1, we designed a series of sulfopeptides which have the CCR1 N-terminal sequence and display
different sulfation patterns. In the first part of this chapter, we compared the chemokine-binding affinities and
selectivities of these peptides to those of the corresponding intact receptor.
While the two-site model emphasises the above site 1 interactions in the initial binding step, it also
proposes that the interactions of the chemokine N-terminus with the receptor transmembrane bundle (site 2
interactions) are responsible for subsequent activation of the receptor. The previous chapter of this thesis
suggested that the chemokine N-terminus is not the only region involved in receptor activation. To improve
our understanding of site 2 interactions and propose a more detailed model, more information is needed on the
site 2 interactions and particularly on the regions of the chemokine that have a major influence. This question
can be addressed by comparing two chemokines that have similar sequences and structures but distinct effects
on activation of the same receptor. Thus, we decided to use two closely related chemokines, MCP-1 and MCP3 which share 71% sequence identity and have similar structures, but only MCP-3 is a CCR1 agonist.
Considering that MCP-1 and MCP-3 have a high degree of similarity but still behave differently at CCR1, they
serve as an excellent model to identify the chemokine features required for CCR1 activation. Thus, the second
part of this chapter describes a study of CCR1 signalling and site 2 interactions that was carried out using
MCP-1/3 chimeras.
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Figure 4.1: Proposed Two-site Model for Chemokine:Chemokine Receptor Interaction [176]. The first
species represents the receptor in an inactive state (red) and the ligand prior to any interaction between the two.
The second species represents the interaction of the chemokine N-loop and β3 turn with the N-terminal
segment of the receptor (site 1 circled in black). Interactions in site 1 are considered to be driving binding only;
thus, the receptor is still in an inactive state (red). The third species represents the interaction between the Nterminal region of the chemokine and the receptor TM bundle (site 2 circled in orange). Insertion of the Nterminal region of the chemokine results in activation of the receptor (active state in green) and interactions in
site 2 are considered to be driving activation only.
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4.2.

Contribution of CCR1 N-Terminus to Chemokine Binding

4.2.1. Sulfopeptides: Design and Synthesis
To design and synthesise the CCR1 sulfopeptides, we collaborated with Prof. Richard J. Payne and his
laboratory at The University of Sydney. Peptides were all synthesised and purified by one of his PhD students,
Xuyu (Johnny) Liu. The peptide sequence is the same for all four CCR1 sulfopeptides and it corresponds to
the first twenty-nine residues of CCR1, with the cysteine (residue 24) mutated to a serine residue to avoid
intermolecular disulfide bond formation. In this sequence, there are two tyrosine residues, in positions 10 and
18, that are potential sulfation sites, particularly as they are close to several acidic residues [290]. The native
sulfation state of CCR1 being unknown, we decided to make a set of four sulfopeptides R1A-D, where R1A
is not sulfated, R1B is sulfated on tyrosine 10, R1C is sulfated on tyrosine 18 and R1D is sulfated on both
tyrosine residues (sequences shown in Figure 4.2). One additional peptide was needed to use as a fluorescent
probe for fluorescence anisotropy measurements. This peptide needs to be labelled with fluorescein, which is
easy to add at the N-terminus, and doubly-sulfated to enhance its affinity for chemokines. We fortuitously
found that peptide Fl-R2D (sequence shown in Figure 4.2), which was already available in our laboratory,
served this purpose well.

4.2.2. Chemokine:Sulfopeptide Binding using Fluorescence Anisotropy
To measure binding between chemokines and sulfopeptides, a fluorescence anisotropy assay was
developed [291]. Fluorescence anisotropy can be measured in solution and in a given environment (pH,
temperature) mainly depends on the size of the fluorescent molecule [292]. Anisotropy uses polarised light to
excite a fluorophore and compares the polarisation of the emitted light to the source. During the delay between
excitation and emission (the fluorescence lifetime), small fluorophores will rotate fast in solution which will
randomise the orientation of the emitted signal, leading to small anisotropy values. On the other hand, large
fluorophores (or those attached to large molecules or complexes) will rotate less during the time between
excitation and emission. This means that the orientation of the emitted light will be similar from one molecule
to the other. This leads to a more polarised emitted signal and high anisotropy values. Therefore, anisotropy
measurements are well suited to binding studies. As a complex between a fluorescent probe and another
molecule forms, the size of the fluorescent species increases and so does the anisotropy. To have access to Kd
values for unlabelled peptides, without interference from the fluorophore, we designed a displacement assay,
where one peptide Fl-R2D is labelled and used as a probe and unlabelled peptides are used as competitors. The
principle of the assay is described in Figure 4.3. Firstly, a direct binding assay is performed to measure the
affinity of a chemokine for the fluorescent probe. The probe goes from a free state to a bound state, which
increases its size, hence the increasing anisotropy values (Fig 4.3A and C). Secondly, a competitive binding
assay is performed where increasing concentrations of an unlabelled peptide are added to a solution containing
the chemokine:probe complex. If the peptide displaces the probe, the probe goes from a bound state to a free
state, hence the decrease in anisotropy (Fig 4.3B and D). Binding curves can be fitted using the
chemokine:probe affinity measured in the direct binding step to obtain the affinity between chemokine and
unlabelled peptide [272].
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Figure 4.2: Sequences of Sulfopeptides R1A-D and Fl-R2D. On the left-hand side, sulfopeptide sequences
with sulfated tyrosine residues in bold red (Y) and non-sulfated tyrosine residues in bold blue (Y) are shown.
On the right-hand side, the chemical structure of fluorescein is shown.
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Figure 4.3: Fluorescence Anisotropy Assay Principle. (A) Schematic representation of the direct binding
assay. A fluorescent peptide (blue) binds to the chemokine (green) to form a complex which makes the size of
the fluorescent species increase hence the increase in anisotropy. (B) Schematic representation of the
competitive binding assay. This assay starts with a solution containing the chemokine:fluorescent peptide
complex to which is added a competitor such as non-fluorescent peptides R1A-D (grey). The competitor
displaces the fluorescent peptide from the chemokine which makes the size of the fluorescent species decrease,
hence the decrease in anisotropy. (C) Theoretical anisotropy data obtained from a direct binding experiment
between a chemokine and Fl-R2D. (D) Theoretical anisotropy data obtained from a competitive binding
experiment between a chemokine and a sulfopeptide, using Fl-R2D as a fluorescent probe.
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Figure 4.4: Direct Binding of Various CC Chemokines with Fl-R2D. Chemokines display different
affinities for the fluorescent peptide Fl-R2D. The final concentration of Fl-R2D was 10 nM and the Kd values
range from 21.3 nM to 1.2 μM with MIP-1α and MIP-1β not binding this peptide at all. Data points represent
mean ± SEM of at least three independent experiments performed in duplicate.

Chemokine
MCP-1
MCP-2
MCP-3
HCC-2
RANTES
Eotaxin-3
MIP-1α
MIP-1β

pKd

Kd (nM)

6.73 ± 0.04
186
7.09 ± 0.03
82.3
7.67 ± 0.04
21.3
5.90 ± 0.05
1245
6.89 ± 0.06
129
7.61 ± 0.05
24.5
No binding
No binding

Table 4.1: Affinity of Various CC Chemokines at Fl-R2D using FAA. Data represent mean ± SEM from at
least three independent experiments performed in duplicate.
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Direct binding assays were performed with eight CC chemokines and results are presented in Figure
4.4 and Table 4.1. Unfortunately, MIP-1α and MIP-1β did not bind the probe which prevented any competition
assay from being performed. This is probably due to the fact that these two chemokines are not CCR2 ligands,
Fl-R2D being a doubly-sulfated peptide with the N-terminal sequence of CCR2 (residues 18 to 31). The other
chemokines tested did bind to Fl-R2D with affinities ranging from 21 nM to 1.2 μM, MCP-3 and eotaxin-3
(CCL26) having the highest affinity and HCC-2 having the lowest.
Competitive binding assays were then performed with the remaining six CC chemokines and the CCR1
sulfopeptides and results are presented in Figure 4.5 and Table 4.2. It is worth noting that displacement graphs
are shown on a linear scale to avoid confusion between IC50 and Kd. As shown by simulated displacement
curves (Appendix V, Figure S1), the shape of the curve is indicative of the equilibrium dissociation constant
(Kd) between unlabelled R1A-D peptide and chemokine, although the concentration of unlabelled peptide
required for 50 % displacement of the fluorescent peptide is substantially higher than the Kd; this difference is
related to the concentrations of the chemokine and fluorescent peptide used in the assay and their affinity for
each other. Sulfopeptides R1A-D displaced Fl-R2D from all six chemokines. We can easily see that tyrosine
sulfation increases the peptide affinity for the chemokines, R1D being a better competitor than R1A, with R1B
and R1C being intermediate in most cases. This result was expected as previous results in our laboratory led
to the same conclusion. The only exceptions to this pattern are RANTES for which, all three sulfated peptides
have similar affinities and MCP-2 for which, R1D and R1C have the same affinities.
The highest affinity chemokine for both R1A and R1B was RANTES with affinities of 1.7 μM and
0.25 μM respectively. For R1C and R1D, the highest affinity chemokine was MCP-2 with affinities of 83 nM
and 42 nM respectively. It was not surprising to find RANTES, along with MCP-3 among the high affinity
ligands for the CCR1 sulfopeptides as RANTES is a common CCR1 ligand. MCP-2 however, is a weaker
CCR1 agonist which mainly activates CCR2, so it was unexpected to find it among the high affinity ligands
especially for the peptides with sulfated tyrosine 18. The lowest affinity chemokine turned out to be HCC-2
with affinities between 24 and 2.3 μM, which was also unexpected and might be due to HCC-2 and Fl-R2D
interacting in a non-specific manner, generating systematic error in the competition assay.
When looking at correlations between peptides (Table 4.3), the best pairs are R1A:R1B and R1C:R1D
2

with R values at 98 and 94 % respectively. This suggests that the sulfation of tyrosine 10 does not have a high
impact on binding. One possible explanation for this result is that this residue does not interact directly with
the chemokines, so modifying it has little effect. The two tyrosine residues are further apart in the CCR1 Nterminal sequence, compared to CCR2 or CCR3 where the tyrosine residues are around the 20th to 30th position.
If the chemokines bind around the same positions in CCR1, this would suggest that tyrosine 18 interacts more
with the chemokine than tyrosine 10.
In order to assess the ability of the CCR1 sulfopeptides to mimic CCR1, binding measurements to the
full receptor in absence and presence of sodium chlorate (to prevent receptor sulfation) had to be performed,
then affinity and selectivity could be compared.
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Figure 4.5: Competitive Binding of R1A-D to Various CC Chemokines. Each panel shows the competitive
displacement of one chemokine and four sulfopeptides R1A-D: (A) MCP-1, (B) MCP-2, (C) MCP-3, (D)
HCC-2, (E) RANTES and (F) Eotaxin-3. R1A-D peptides have different sulfation patterns, R1A being nonsulfated, R1B and C being singly-sulfated on tyrosine 10 and 18, respectively, and R1D being doubly-sulfated.
The final concentrations of Fl-R2D and the chemokine were 10 and 100 nM, respectively. Data points represent
mean ± SEM of at least three independent experiments performed in duplicate.
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Chemokine
MCP-1
MCP-2
MCP-3
HCC-2
RANTES
Eotaxin-3

K d ( μM )

Competitive Binding pK d
R1A

R1B

R1C

5.1 ± 0.07
5.5 ± 0.03
5.3 ± 0.05
4.6 ± 0.06
5.8 ± 0.03
5.4 ± 0.06

5.8 ± 0.03
6.2 ± 0.04
6.1 ± 0.03
5.1 ± 0.05
6.6 ± 0.03
6.1 ± 0.05

6.4 ± 0.04
7.1 ± 0.01
6.6 ± 0.04
5.4 ± 0.05
6.8 ± 0.02
6.4 ± 0.05

R1D

R1A R1B R1C R1D

6.9 ± 0.05 9.1 1.4
7.4 ± 0.04 3.2 0.6
7.3 ± 0.02 4.7 0.8
5.6 ± 0.04 23.9 8.8
7.1 ± 0.03 1.7 0.2
6.8 ± 0.02 4.0 0.8

0.4 0.1
0.1 0.04
0.2 0.1
4.3 2.3
0.2 0.1
0.4 0.1

Table 4.2: Affinity of Various CC Chemokines for the CCR1 Sulfopeptides R1A-D. Values were measured
using a fluorescent anisotropy assay. Affinities are reported as pKd values (-log10 of the Kd; in M). Data are
mean and SEM from at least 3 independent experiments performed in duplicate. The corresponding Kd values
(in μM) are shown in the adjacent column.

R1A
R1A
R1A
R1B
R1B
R1C

RSQ values
R1B
R1C
R1D
R1C
R1D
R1D

Sulfation patterns
0.98
0.81
0.70
0.86
0.78
0.94

R1A
R1B
R1C
R1D

sY10
N
Y
N
Y

sY18
N
N
Y
Y

Table 4.3: Coefficients of Determination (RSQ or R2 Values) and CCR1 Peptides Sulfation Patterns.
RSQ values indicate how well the two data sets that are compared match with one another. The sulfation pattern
table indicates which tyrosine residues are sulfated in each peptide (N=No and Y=Yes).
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4.2.3. Chemokine:Chemokine Receptor Binding Using Radioligand Displacement
To assess receptor binding and selectivity, a radioligand displacement assay was performed using eight
CC chemokines: MIP-1α, HCC-2, RANTES, MCP-2 and MCP-3 which are known to be CCR1 agonists, MIP1β which is a CCR1 antagonist and MCP-1 and eotaxin-3 which are not expected to bind CCR1. The
radioligand displacement assay was performed, as described by Zweemer et al. [270], using 125I-MIP-1α as a
probe. Membranes of CCR1 expressing HEK 293 cells were prepared as described in Chapter 2, section 2.7.7,
both in the absence or presence of sodium chlorate, which prevents receptor sulfation. For competition
experiments, membranes were incubated with increasing concentrations of non-labelled chemokines and 50
pM 125I-MIP-1α for 2 hours at RT. At this concentration, total radioligand binding did not exceed 10 % of the
amount of radioligand added, thus avoiding ligand depletion effects. Nonspecific binding was determined in
the presence of 10 µM BX471 (CCR1 antagonist) [201]. Separation of bound from free radioligand was
performed by rapid filtration and a scintillation cocktail was used to measure filter-bound radioactivity.
The results are shown in Figure 4.6A for the potentially sulfated receptor and Figure 4.6B for the nonsulfated receptor. MIP-1α (pink) proved to have the highest affinity for CCR1, closely followed by HCC-2
(purple) (Table 4.4). MCP-3 (green) and RANTES (orange) are the next two CCR1 ligands and their affinities
were slightly improved when receptor sulfation was prevented, which was unexpected. Receptor sulfation did
not have an influence on affinity order. However, while the non-sulfated receptor has similar affinities for the
four best CCR1 agonists, the receptor on non-treated membranes can distinguish between chemokines better.
MCP-2 (red) and MIP-1β (grey) had lower affinities than the other CCR1 ligands, and sulfation did not
influence their binding. In addition, we tested two chemokines that are not reported to bind CCR1: MCP-1
(blue) and eotaxin-3 (black). As expected, eotaxin-3 hardly bound to the potentially sulfated receptor. MCP-1
affinity was closer to that of MIP-1β, especially in the absence of sulfation, which suggests that MCP-1 may
be able to activate (or inhibit) CCR1 to some extent.
Overall, preventing receptor sulfation did not have a major influence on chemokine affinities. The binding
results established the expected selectivity for CCR1, especially between the cognate and non-cognate
chemokines. By comparing these results to the sulfopeptide binding results we could then assess how well
sulfopeptides can mimic CCR1 binding and selectivity.
The influence of tyrosine sulfation in chemokine binding can be assessed by comparing binding data
between chlorate-treated and non-treated cells. Our results show that the two data sets correlate well with each
other (R2=0.95, Fig 4.7) which can mean either that the sulfation does not influence binding or that the receptor
is not sulfated. Another explanation for these results could be that the chlorate treatment of the cells was not
efficient in preventing receptor sulfation. However, this possibility was excluded as controls were run on HEK
cells expressing cMyc-FLAG-hCCR2 to confirm that the chlorate treatment was working. An anti-FLAG
antibody which recognises only the non-sulfated version of the FLAG tag, was used in ELISA assays to assess
the efficacy of the chlorate treatment. An anti-cMyc antibody was used to detect the total amount of CCR2,
which did not vary with the chlorate treatment.
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Figure 4.6: Affinities of Various CC Chemokines at the Receptor CCR1. The radioligand displacement
assay was performed using membrane preparations of His6-cMyc-CCR1 and

125

I-MIP-1α as a probe. (A)

Affinities for the receptor without chlorate treatment (potentially sulfated CCR1). (B) Affinities for the
receptor with 30 mM chlorate treatment (non-sulfated CCR1). Data points represent means ± SEM of at least
three independent experiments performed in triplicate.
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Figure 4.7: Correlation Graph between Potentially Sulfated CCR1 Binding and Non-sulfated CCR1
Binding. The pIC50 values for the potentially sulfated receptor with several chemokines are on the x-axis and
the pIC50 values for the non-sulfated receptor with the same set of chemokines are on the y-axis. If the data
sets were matching well, the correlation would be linear (x=y), which is the case here (R2=0.95; slope = 1.02).
Eotaxin-3 was excluded from this graph because no value was obtained for eotaxin-3 binding to non-treated
CCR1.

Chemokine
MCP-1
MCP-2
MCP-3
Eotaxin-3
HCC-2
RANTES
MIP-1α
MIP-1β

Radioligand Binding pIC50
CCR1 (no chlorate)
7.2 ± 0.1
8.7 ± 0.2
9.6 ± 0.1
no binding
10.1 ± 0.2
9.2 ± 0.2
10.4 ± 0.2
7.9 ± 0.1

CCR1 (chlorate)
7.7 ± 0.1
8.7 ± 0.1
9.8 ± 0.1
6.3 ± 0.2
10.0 ± 0.1
9.7 ± 0.1
10.1 ± 0.2
7.7 ± 0.1

IC50 (nM)
CCR1 (no chlorate)
57.5
1.8
0.4
no binding
0.07
0.6
0.04
13.8

CCR1 (chlorate)
19.1
1.9
0.2
457.1
0.1
0.2
0.08
19.1

Table 4.4: Affinity of Various CC Chemokines at the CCR1 Receptor using a Radioligand
Displacement Assay. Data represent mean ± SEM from at least three independent experiments
performed in triplicate. The chlorate treatment was performed on the cells 48 h prior to the experiments.
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cMyc-FLAG-hCCR2 could not be detected by the anti-FLAG antibody in the absence of chlorate treatment
because the FLAG tag was sulfated. However, treating the cells with chlorate enabled the detection of around
half the amount of receptor that was detected by the anti-cMyc antibody. Although this is not a direct
measurement of the receptor sulfation state of the receptor, it is a proof of principle that chlorate treatment
inhibits tyrosine sulfation. As the data sets are similar, the non-sulfated data set will be used for comparisons,
mainly because eotaxin-3 did not bind the potentially sulfated receptor.

4.2.4. Comparison of Sulfopeptide and Chemokine Receptor Binding
To assess the contribution of the receptor N-terminus to overall binding affinity, sulfopeptide data
were correlated with the whole receptor data. Figure 4.8 shows a correlation graph between non-sulfated CCR1
(y axis) and R1A-D (x axis). Coefficients of determination or R2 values have been calculated between the
receptors and the different sulfopeptide data sets and are presented in Table 4.5. This shows that the highest
correlation is only 16% between non-treated CCR1 cells and R1D, which indicates that there is no substantial
correlation. This result contradicts the two-site model and argues that the N-terminus contributes only a small
amount to the selectivity (= relative binding affinity) of receptor amongst chemokine ligands. Moreover, the
peptides bind with substantially lower affinities than the intact receptor. Therefore, it seems likely that other
receptor regions contribute to chemokine binding and selectivity. If this proposal is correct, results coming
from studies using N-terminal peptides as models for chemokine receptors have to be interpreted in a careful
manner.
Although N-terminal peptides might not be good models to use when trying to replicate chemokine
receptor selectivity, they still bind chemokines with mid to low micromolar affinities. In addition, several
groups have observed interactions between chemokines and receptor N-termini. Thus, the N-terminal region
of the receptor is still likely to form an initial, relatively low affinity complex with the chemokine and
interactions described between peptide residues and chemokines, deduced from structural studies for example,
might still be an accurate representation of interactions made in the low affinity complex between receptors
and chemokines although this remains to be experimentally verified. This initial binding could then be
followed by the formation of a tighter, more specific complex involving other parts of the receptor in addition
to the N-terminal region. To test the contribution of other receptor regions, binding studies could be performed
using a receptor where the N-terminus has been truncated. Binding affinity would be expected to be much
lower than binding affinity to the full-length receptor [293, 294] but could still indicate that additional
interactions contribute to the overall affinity and the receptor’s selectivity.
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Figure 4.8: Correlation Graphs between Non-sulfated CCR1 Binding and Peptide Binding. The pIC50
values for the non-sulfated receptor with several chemokines are on the y-axis and the pKd values for the CCR1
sulfopeptides with the same set of chemokines are on the x-axis. Each panel represents a different sulfopeptide:
(A) R1A, (B) R1B, (C) R1C and (D) R1D. If the data sets were matching well, the correlation would be linear
(x=y), which is not the case here.

RSQ values
CCR1 (no chlorate) CCR1 (chlorate)
CCR1 (no chlorate)
R1A
CCR1 (no chlorate)
R1B
CCR1 (no chlorate)
R1C
CCR1 (no chlorate)
R1D
CCR1 (chlorate)
R1A
CCR1 (chlorate)
R1B
CCR1 (chlorate)
R1C
CCR1 (chlorate)
R1D

0.95
0.03
0.07
0.13
0.16
0.02
0.02
0.02
0.04

Table 4.5: Coefficients of Determination (RSQ or R2 Values). RSQ values indicate how well the
two data sets that are compared match with one another. The chlorate treatment was performed on
the cells 48 h prior to the experiments.
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4.3.

Contribution of Chemokine N-Termini to CCR1 Activation

4.3.1. MCP-1/MCP-3 Chimeras: Design and Synthesis
Mutational and structural studies have previously identified three regions of chemokines that interact with
receptors [280, 294]. The so-called “N-loop” (a ~twelve residue sequence between the conserved CC/CXC
motif and the first β-strand) and the β3 region (third β-strand and preceding turn) form the two sides of a
shallow groove that binds to the flexible N-terminal tail of the receptor. The N-terminal region of the
chemokine (preceding the CC/CXC motif) penetrates into the transmembrane helical bundle of the receptor.
To further investigate the structural elements of chemokines that contribute to CCR1 activation, we designed
a series of chimeric proteins in which these three regions of MCP-1 and MCP-3 were swapped between the
two chemokines.
The chimeras were originally designed to investigate the structural basis of CCR2 binding and activation
[287]. However, the chimeras could also be used to investigate the structural basis of CCR1 activation as MCP3 is a potent CCR1 agonist but MCP-1 is not. The chimeras were designed and synthesised together with
another doctoral student Zil E Huma who was working on the CCR2 receptor project. MCP-1 and -3 were
chosen as parent chemokines because their sequences are closely related (71% identity), allowing us to more
easily draw conclusions about the roles of specific residues and both MCP-3 and the MCP-1(P8A) mutant used
here are monomeric. Human MCP-1 and MCP-3 protein sequences were aligned and the three receptor-binding
regions were identified (Fig 4.8C). The sequences were compared and 13 possible mutations (of each
chemokine) were identified. Each of these was individually analysed, considering the chemical properties of
each amino acid, the relative position of that amino acid in the chemokine and the structural changes which
could arise after replacing that residue with the one at the same position from the other chemokine. Two
potential mutations (V22K and I46K) were anticipated to disturb the core structure of the chemokine and
therefore were not introduced. All other potential mutations, which are present on the surface and not predicted
to destabilise the structure, were considered suitable. Each chimera was named according to the parental
chemokine from which it is derived, followed by a sequence of three numbers representing the origin of the
N-terminal, N-loop and β3 elements, respectively; for example, MCP1-311 is a chimera derived from MCP-1
and containing the N-terminal region of MCP-3, the N-loop of MCP-1 and the β3 region of MCP-1.
Ten chimeras were prepared (schematic diagrams and sequences shown in Fig 4.9) out of the possible 14
combinations. Some chimeras with two regions swapped (MCP1-331, MCP1-313, MCP3-113 and MCP3-131)
were not prepared, as the N-terminus was thought to be independent from the other two regions and involved
in receptor activation but not binding. Five chimeras are on the MCP-1 background with three regions (Nterminus, N-loop and β3-turn) replaced, individually or in combination, with the corresponding regions of
MCP-3 (except the two excluded residues). The other five chimeras are on the MCP-3 background with the
three important regions of MCP-1 introduced. All MCP-1 chimeras have the P8A mutation in their sequence
(monomeric mutants).
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C

β3 region
24
46
52
MCP-1:QPDAINAAVTCCYNFTNRKISVQRLASYRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT
1-311:QPVGINTSTTCCYNFTNRKISVQRLASYRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT
1-131:QPDAINAAVTCCYRFINKKIPVQRLASYRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT
1-113:QPDAINAAVTCCYNFTNRKISVQRLASYRRITSSKCPKEAVIFKTILDKEICADPKQKWVQDSMDHLDKQTQTPKT
1-133:QPDAINAAVTCCYRFINKKIPVQRLASYRRITSSKCPKEAVIFKTILDKEICADPKQKWVQDSMDHLDKQTQTPKT
1-333:QPVGINTSTTCCYRFINKKIPVQRLASYRRITSSKCPKEAVIFKTILDKEICADPKQKWVQDSMDHLDKQTQTPKT
N-terminal
1

10

N-loop
13

MCP-3:QPVGINTSTTCCYRFINKKIPKQRLESYRRTTSSHCPREAVIFKTKLDKEICADPTQKWVQDFMKHLDKKTQTPKL
3-133:QPDAINAAVTCCYRFINKKIPKQRLESYRRTTSSHCPREAVIFKTKLDKEICADPTQKWVQDFMKHLDKKTQTPKL
3-313:QPVGINTSTTCCYNFTNRKISKQRLESYRRTTSSHCPREAVIFKTKLDKEICADPTQKWVQDFMKHLDKKTQTPKL
3-331:QPVGINTSTTCCYRFINKKIPKQRLESYRRTTSSHCPREAVIFKTKVAKEICADPTQKWVQDFMKHLDKKTQTPKL
3-311:QPVGINTSTTCCYNFTNRKISKQRLESYRRTTSSHCPREAVIFKTKVAKEICADPTQKWVQDFMKHLDKKTQTPKL
3-111:QPDAINAAVTCCYNFTNRKISKQRLESYRRTTSSHCPREAVIFKTKVAKEICADPTQKWVQDFMKHLDKKTQTPKL

Figure 4.9: Design, Schematics and Sequences of MCP-1/MCP-3 Chimeras. (A) Structure of MCP-1
showing the three important regions (PDB ID: 1DOK) highlighting the regions swapped in the chimeras. (B)
Schematic diagrams of the chimeras with regions from MCP-1 and MCP-3 in blue and red respectively. (C)
Sequences of the chimeras. The green highlighted regions correspond to the N terminus (1-10), N loop (12 24) and β3 strand (46-52) in MCP-1 and MCP-3. The yellow highlighted regions correspond to the regions
that are mutated (from MCP-1 to MCP-3 in the five chimeras on MCP-1 background and from MCP-3 to
MCP-1 in the five chimeras on MCP-3 background) and the red, underlined residues are the specific mutations
made.
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Cloning and protein production were mainly done by Zil E Huma, following the method described in
Chapter 2, section 2.4 and 2.5 Briefly, genes were made using recursive PCR and cloned into pET28a vectors.
After correct sequencing, plasmids were transformed into BL21(DE3) E.coli cells and the N-terminal His6tagged protein was expressed after IPTG induction. Inclusion bodies containing the fusion proteins were
isolated, dissolved in denaturing buffer and purified by Ni2+-affinity chromatography. The fusion proteins were
refolded by rapid dilution. The His6-tag was removed using human thrombin and the untagged protein
(containing the native N-terminus) was further purified by size exclusion chromatography. 1H NMR spectra
were collected for all the chimeras along with the parent chemokines to confirm correct folding (Figure 4.10)
[287]. Methyl groups in unstructured peptides resonate close to 1 ppm, while in these spectra, the resonances
around -0.5 ppm indicate a folded tertiary structure. The most upfield peak in each spectrum (lower than -0.5
ppm) is shifted further for MCP-3 compare to MCP-1. This peak is present in all five chimeras in the MCP-3
background around the same chemical shift as MCP-3 and similarly in the MCP-1 background chimeras around
the chemical shift of MCP-1. The downfield regions also show well resolved peaks between 6.5 to 10 ppm.
Thus, the NMR data indicate that all the chimeras are well folded and adopt the expected native 3D structures.

4.3.2. Assessment of Receptor Activation
To investigate CCR1 activation, the same signalling readouts used in Chapter 3 were measured: β-arrestin
2 recruitment, G protein activation, inhibition of cAMP production and ERK1/2 phosphorylation. Flp-In TRex HEK 293 cells stably expressing an N-terminally tagged human CCR1 receptor (His6-cMyc-hCCR1) were
used. Binding assays have not been performed yet, as we initially focused on receptor activation. However,
binding will be assessed at a later stage because it is a necessary information to fully understand and
characterise the way chemokines act at CCR1. Considering that MCP-1 is not a CCR1 cognate chemokine,
biased agonism quantification was not considered, unlike the HCC-2/MCP-3 chimera set where HCC-2 and
MCP-3 are both CCR1 ligands. This set of chimeras allows for the distinction between activated and nonactivated receptor only.
All ten chimeras together with the two parent chemokines were used in each of the four signalling assays.
The full data are presented in the Appendix section (Appendix III) and Table 4.6 and only a subset of the data
is shown here in Figures 4.11 to 4.14. Figure 4.11 shows four graphs, one for each assay, with the parent
chemokines (MCP-1 and MCP-3) and the N-terminal swap chimeras (MCP1-311 and MCP3-133). MCP1-311
(dotted blue curve) is indeed better than MCP-1 (full blue curve) at activating CCR1 in all four readouts and,
in the same way, the ability of MCP3-133 (dotted red curve) to activate CCR1 decreases compared to MCP-3
(full red curve). This confirms that the N-terminus is an important region of the chemokines for receptor
activation. However, both chimeras have intermediate CCR1 activation abilities (potency and efficacy)
between MCP-1 and MCP-3, whereas the two-site model would predict MCP1-311 to behave like MCP-3 and
MCP3-133 like MCP-1. This suggests that the chemokine N-terminus is not the only region involved in
controlling receptor activation.
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B

A

Figure 4.10: Structure Validation of MCP-1/MCP-3 Chimeras. 1D 1H NMR spectra of all the ten chimeras
showing (A) the downfield (amide and aromatic) region and (B) the upfield (methyl) region of the spectra.
Both regions showed well-dispersed peaks indicative of correct folding of protein. Several peaks characteristic
of MCP-1 or MCP-3 background can be seen in the chimeras with MCP-1 or MCP-3 background respectively,
confirming that chimeras have similar structures to the parent chemokine. Names and schematic diagrams of
the chemokines and chimeras are shown on the left. All protein samples were in 20 mM sodium acetate-d4, pH
7.0 containing 5 % D2O. 1H NMR spectra were recorded at 25 °C and referenced to external DSS.
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Figure 4.12 shows the N-loop swap chimeras MCP1-131 and MCP3-313. Just like the N-terminal swap
chimeras, the potency and efficacy of both chimeras are intermediate between the parent chemokines. This
implies that the N-loop is important for CCR1 activation. The two-site model does not predict this result
directly. However, this is where the binding results will help our understanding. If MCP3-313 binds CCR1
with a weaker affinity than MCP-3, which is predicted by the two-site model, it is then expected that it will
have decreased potency but not efficacy at CCR1. At this stage, it is not possible to say whether this result
disagrees with the model or not but it is clear that the N-loop is another region to consider when it comes to
CCR1 activation.
Figure 4.13 shows the β3 region swap chimeras MCP1-113 and MCP3-331. This region proved not to be
involved in CCR1 activation as MCP1-113 behaves like MCP-1 and MCP3-331 like MCP-3. This result was
confirmed by the fact that MCP1-133 behaves like MCP1-131 and MCP3-311 like MCP3-313 (see Appendix
III) and agrees with the two-site model.
According to the results from single region swap chimeras, the chemokine N-terminus and N-loop are two
regions to consider for CCR1 activation. If these regions are the only ones involved, it would then be expected
that by mutating both regions together, the mutants will behave differently from the background chemokine
and more like the chemokine from which the mutated regions are derived. As we did not make a N-terminus/Nloop mutant, we answered this question using the triple mutants. The β3 region having no influence on CCR1
activation, it is reasonable to assume that MCP1-333 and MCP1-331 would behave similarly. Figure 4.14
shows the results for the triple mutants MCP1-333 and MCP3-111 and as predicted, MCP1-333 behaves like
MCP-3 and MCP3-111 like MCP-1. So, the conclusions made from the single region mutation held true when
mutating multiple regions and confirmed that the chemokine N-terminus and N-loop are the two main regions
controlling CCR1 activation.
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6.9 ± 0.1
7.6 ± 0.2
7.7 ± 0.2
7.0 ± 0.1
7.8 ± 0.2
7.8 ± 0.1
8.2 ± 0.2
7.2 ± 0.2
7.6 ± 0.1
8.2 ± 0.1
7.5 ± 0.1
6.5 ± 0.1

pEC 50
24.2 ± 2
33.7 ± 2
31.4 ± 2
27.1 ± 2
22.4 ± 1
37.8 ± 2
43.7 ± 2
32.3 ± 3
40.5 ± 1
50.2 ± 2
41.5 ± 2
22.1 ± 3

Emax

pERK Assay

6.3 ± 0.4
6.9 ± 0.2
7.3 ± 0.1
5.9 ± 0.8
7.4 ± 0.2
7.6 ± 0.1
7.9 ± 0.2
7.5 ± 0.2
7.2 ± 0.1
7.9 ± 0.1
7.7 ± 0.2
6.5 ± 0.1

pEC 50
41.9 ± 14.2
38.4 ± 5.1
42.5 ± 3.2
49.5 ± 55.6
38.5 ± 3.4
49.5 ± 3.1
44.2 ± 2.8
37.9 ± 2.6
39.7 ± 2.7
50.3 ± 2.3
35.7 ± 2.4
51.2 ± 4.3

Emax

cAMP Assay
Emax

did not fit
6.2 ± 0.3 0.095 ± 0.01
6.9 ± 0.1 0.067 ± 0.01
6.1 ± 0.5 0.046 ± 0.02
7.0 ± 0.1 0.063 ± 0.01
7.3 ± 0.1 0.099 ± 0.01
7.4 ± 0.1 0.110 ± 0.01
6.8 ± 0.1 0.057 ± 0.01
6.5 ± 0.2 0.097 ± 0.01
7.6 ± 0.1 0.098 ± 0.01
7.3 ± 0.3 0.081 ± 0.01
did not fit

pEC 50

GPA Assay (αi2)
Emax

7.8 ± 0.3 0.023 ± 0.003
7.8 ± 0.2 0.029 ± 0.002
7.8 ± 0.1 0.028 ± 0.002
7.0 ± 0.2 0.033 ± 0.004
8.1 ± 0.2 0.031 ± 0.002
8.3 ± 0.1 0.042 ± 0.002
8.3 ± 0.1 0.039 ± 0.002
8.2 ± 0.2 0.030 ± 0.003
8.2 ± 0.2 0.033 ± 0.003
8.7 ± 0.2 0.039 ± 0.003
7.3 ± 0.1 0.068 ± 0.004
did not fit

pEC 50

β-Arrestin-2 Assay
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independent experiments performed in duplicate.

Protein Activation, cAMP Inhibition and ERK1/2 Phosphorylation Assays. Data are mean and SEM from at least 3

Table 4.6: Potency and Efficacy of the Different MCP-1/3 Chimeras at the CCR1 Receptor in β-arrestin Recruitment, G

MCP-1
MCP1-311
MCP1-131
MCP1-113
MCP1-133
MCP1-333
MCP-3
MCP3-133
MCP3-313
MCP3-331
MCP3-311
MCP3-111

Mass Spectrometry
Predicted Observed
Mass (Da) Mass (Da)
8658.9
8659.4
8677.0
8676.3
8695.1
8696.1
8717.0
8717.8
8753.1
8751.1
8771.2
8769.7
8956.4
8952.7
8938.4
8936.1
8920.2
8920.3
8898.4
8902.7
8862.2
8860.1
8844.2
8844.4
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Figure 4.11: Activation of CCR1 by MCP-1/3 N-terminal Swap Chimeras. (A) β-arr2 recruitment was
measured using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and βarr2-YFP. (B) GPA was measured using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi2.
Transfections were performed as described in chapter 2, section 2.7.6. (C) cAMP inhibition was measured
using His6-cMyc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP biosensor.
(D) ERK1/2 phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and
the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points represent means
± SEM of at least three independent experiments performed in duplicate.
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Figure 4.12: Activation of CCR1 by MCP-1/3 N-loop Swap Chimeras. (A) β-arr2 recruitment was
measured using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and βarr2-YFP. (B) GPA was measured using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi2.
Transfections were performed as described in chapter 2, section 2.7.6. (C) cAMP inhibition was measured
using His6-cMyc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP biosensor.
(D) ERK1/2 phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and
the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points represent means
± SEM of at least three independent experiments performed in duplicate.
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Figure 4.13: Activation of CCR1 by MCP-1/3 β3-turn Swap Chimeras. (A) β-arr2 recruitment was
measured using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and βarr2-YFP. (B) GPA was measured using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi2.
Transfections were performed as described in chapter 2, section 2.7.6. (C) cAMP inhibition was measured
using His6-cMyc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP biosensor.
(D) ERK1/2 phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and
the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points represent means
± SEM of at least three independent experiments performed in duplicate.
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Figure 4.14: Activation of CCR1 by MCP-1/3 Triple Swap Chimeras. (A) β-arr2 recruitment was measured
using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and β-arr2-YFP.
(B) GPA was measured using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and Gαi2. Transfections were
performed as described in chapter 2, section 2.7.6. (C) cAMP inhibition was measured using His6-cMyc-CCR1
Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP biosensor. (D) ERK1/2
phosphorylation assay was performed using His6-cMyc-CCR1 Flp-In T-REx HEK 293 cells and the amount
of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points represent means ± SEM of
at least three independent experiments performed in duplicate.
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4.4.

Discussion

Chemokine:receptor interactions have been studied for over 20 years and despite a significant effort, the
mechanisms regulating chemokine receptor signalling still remain incompletely characterised. This is due, in
part, to a very complex network comprising over 50 chemokines and 25 receptors. Most receptors and
chemokines are promiscuous [295], which was originally interpreted as functional redundancy but is now
increasingly recognised as a way to generate a diverse array of fine-tuned signalling responses. The concept
of biased agonism or functional selectivity, which has been observed for several chemokine receptors [296,
297], demonstrates the intricacy of the chemokine:receptor system.
To investigate these interactions further, numerous structural and mutational studies have been performed
[298] and a model based on these studies was proposed in 1997 by Crump et al. [280]. This model defines two
sites that are distinct both spatially and functionally. Site 1 involves the receptor N-terminus and the chemokine
N-loop and β3 regions and accounts for chemokine:receptor binding. Site 2 involves the chemokine Nterminus and some receptor transmembrane helices and is responsible for receptor activation. This simple
model has proven very useful over the years and was consistent with most results that were available at the
time. However, as techniques and knowledge improve, we now have access to new results that either are hard
to explain using the two-site model only or directly challenge the two-site concept [299]. Therefore, we decided
to explore the implications of this model and study interactions involved on both sites using the CCR1 receptor
as well as the influence of tyrosine sulfation on the site 1 interactions.

4.4.1. Site 1 Interactions
The first part of this chapter reports the strategy we developed to assess site 1 interactions. We used
peptides with the CCR1 N-terminal sequence and various tyrosine sulfation patterns to compare chemokine
binding between a whole receptor and its N-terminus. The two-site model predicts that binding between Nterminal peptides and whole receptor should correlate, yet we found that it was not the case. A fluorescence
anisotropy assay was developed for peptide binding measurements and a radioligand displacement assay was
performed for whole receptor binding and correlation did not exceed 16%, regardless of the sulfation pattern.
Several hypotheses can be proposed to explain this result. Firstly, the receptor N-terminus could be in a
different structure (or structural environment) in the intact receptor compared to the peptides. Although it is
reasonable to assume that the receptor N-terminus is elongated like the peptides might be, it could still have a
different structure when attached to the entire receptor. Secondly, the membrane could play a role in
chemokine:receptor interaction, either interacting with the receptor N-terminus or bringing chemokines closer
to the receptor. Thirdly, other post-translational modifications could contribute to chemokine binding in the
intact receptor. Although these hypotheses are possible, the most reasonable explanation for our results is that
other regions of the receptor are involved in chemokine binding by CCR1. This hypothesis is supported by the
fact that peptides binding is much weaker than receptor binding and does not correlate with the selectivity of
the receptor. In addition, the recent structures of chemokine:receptor complexes show interactions in site 2
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between an inactive conformation of the receptor and chemokines, which suggests that these are binding
interactions, as they cannot contribute to activation.
Another aspect of this site 1 study was the influence of tyrosine sulfation on chemokine binding. Sulfation
has been shown to enhance chemokine binding in several chemokine receptors [144]. This result was
confirmed in the peptide binding assay. However, inhibiting CCR1 sulfation did not have a major influence
on CCR1 radioligand binding results. This suggests that CCR1 might not have been sulfated under the
conditions used for the radioligand displacement assay. Although the idea that CCR1 was sulfated and sulfation
does not affect binding is also possible, the lack of sulfation seems more likely, knowing that sulfation usually
influences binding [139, 145]. Results from Chapter 3 were also inconclusive regarding the effect of sulfation
because no change was observed when HCC-2, MCP-2 and MCP-3 were assessed in CCR1 binding and
activation of β-arr2 recruitment, G protein activation, cAMP inhibition and ERK1/2 phosphorylation using
chlorate-treated and non-treated cells. Thus, it appears that in HEK 293 cells, CCR1 may not be sulfated.
However, CCR1 could still be sulfated in a different context. Sulfation patterns are indeed likely to vary
depending on tissue type [300] or the surrounding conditions (pro- or anti-inflammatory). To investigate these
results, it would be interesting to develop a method that can assess the receptor sulfation directly. This could
be done by using mass spectrometry techniques or anti-tyrosine antibodies that would be sensitive to tyrosine
sulfation. It would also be advantageous to perform experiments using cells that endogenously express CCR1.
This would provide insight on whether the CCR1 sulfation state varies across cell types or tissues and could
be of interest when targeting specific cells or areas in the body.

4.4.2. Site 2 Interactions
The second part of this chapter was set out to explore the site 2 interactions. The two-site model predicts
that only the interactions of the chemokine N-terminus control receptor activation. Based on this hypothesis,
we chose to design and synthesise chimeras between MCP-1 and MCP-3. These two chemokines are closely
related (71% sequence identity), which makes it easier to swap regions without disturbing their structure too
much and interpret results, but only MCP-3 activates CCR1. We then measured four different signalling
responses to assess for receptor activation.
As the two-site model predicted, the chemokine N-terminus is involved in receptor activation, although
the results indicate that it is not the only region. Swapping N-termini between MCP-1 and -3 was not sufficient
to make MCP-1 behave like MCP-3 and vice versa. Results revealed that the N-loop is also involved in receptor
activation. It is unclear at this stage if it is a direct implication in receptor activation and binding studies will
have to be performed to address this question. If the N-loop influences binding as predicted by the two-site
model, it should impact the potency in a similar way. This indirect effect would not be due to the N-loop
directly contributing to activation, it would be a consequence of a change in binding affinity. On the other
hand, if a change in efficacy is observed, it cannot be linked to binding and would imply a direct role of the
N-loop in receptor activation. Regardless, this result challenges the two-site model as well, either by adding a
chemokine region to consider when assessing receptor activation or by questioning the independence of the
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two sites. It is worth mentioning that this result is also different from the results obtained on CCR2. Our
laboratory recently published a similar study [287] using CCR2 and the same set of MCP-1/3 chimeras and
established the chemokine N-terminus as the main region controlling both relative binding affinity and full
versus partial activation of CCR2. The differences between CCR1 and CCR2 activation by MCP-1/3 is further
discussed in Chapter 6, section 6.3. As these results do not completely correlate with the two-site model
predictions, it suggests that it is time to reassess the two-site model, which might avoid overlooking more
complex aspects of chemokine receptor signalling. It is worth noting that up until this point, all our results can
be explained by considering only the two sites. However, their functions are not clearly separated between
binding (site 1) and activation (site 2). This is why we envisioned an extension of the current two-site model,
which has an additional state where the inactive conformation of the receptor is fully bound to its cognate
chemokine (site 1 and site 2 binding interactions) and eliminates the spatial separation between binding and
activation. This extended model is presented in Chapter 6, section 6.2.1
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5.1.

Preface to Chapter 5

As discussed in the introduction of this thesis, targeting chemokine receptors using small molecule
inhibitors has proven to be very challenging [54, 301]. Several clinical trials have failed over the years mainly
because of a lack of efficacy from the antagonist [302]. Although it is hard to explain why the trials were
unsuccessful, one reason could be the complexity of the chemokine:receptor network. Most immune cells
express several chemokine receptors on their surfaces [181, 226] and blocking one receptor might not be
sufficient to stop chemotaxis or any other undesirable effect, as chemokines can activate a different receptor
potentially leading to similar signalling outcomes. Blocking chemokine receptors also leads to a partial loss of
immune protection which presents a risk when our body is infected.
To avoid the downfalls of blocking chemokine receptors, we and other groups have considered targeting
chemokines instead [303, 304]. A variety of chemokine-binding proteins have already been identified [305307] and our group recently reported two studies using nanoparticles bearing sulfonated polystyrene brushes
[235] or using a protein produced by the human cytomegalovirus [243] to bind chemokines. We then focused
on another family of proteins expressed by ticks, called evasins, that were discovered in 2007 [256, 308] and
allow ticks to avoiding immune detection by their hosts. The first evasins were found in the saliva of the species
Rhipicephalus sanguineus (brown dog tick). Although no evasin protein had been reported in any other tick
species, it seemed likely that such proteins would exist. Therefore we decided to use bioinformatic methods to
identify other evasin proteins that we could test for chemokine-binding and -inhibitory activity.
This chapter is comprised of a published manuscript (Hayward J.*, Sanchez J.*, Perry A., Huang C., Valle
M. R., Canals M., Payne R. J. and Stone M. J., Ticks from Diverse Genera Encode Chemokine-Inhibitory
Evasin Proteins. J. Biol. Chem. 2017; DOI: 10.1074/jbc.M117.807255; *, these authors contributed equally to
this work) in which we described the discovery of several evasins and assessed their ability to bind and inhibit
CC chemokines. Working together with Honours student Jenni Hayward, I expressed and purified these
proteins and measured their chemokine binding. I also performed the cell-based assays to determine chemokine
inhibition. The supplementary data are included as Appendix V. The results have been reprinted with
permission from the journal.
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6.1.

Thesis Summary

Chemokines and chemokine receptors constitute a crucial part of our immune system [9, 309]. They
play major roles in leukocyte recruitment in both inflammatory and homeostatic processes. For this reason,
chemokines and their receptors have been involved in countless diseases such as HIV [50, 51, 55], cancer
[310-312] and diabetes [313] but especially in inflammatory and autoimmune diseases such as multiple
sclerosis [314-316], rheumatoid arthritis [317] and atherosclerosis [46, 318]. This has provided a strong
incentive to develop therapeutics targeting chemokine receptors and over the last thirty years, a variety of
chemokine receptor antagonists have been developed. Nevertheless, only two small molecule inhibitors are
currently approved as drugs, due to an apparent lack of efficacy in clinical trials of most other antagonists [230,
301]. This apparent lack of efficacy can be explained, at least in part, by the complexity of the
chemokine:receptor network. Around 50 chemokines and 25 chemokine receptors have been identified in
humans to date and most receptors and chemokines are promiscuous. Therefore, inhibiting leukocyte
recruitment by blocking only one receptor may be unsuccessful because chemokines can activate other
receptors expressed on the leukocyte surface and still promote chemotaxis.
Considering the low success rates targeting chemokine receptors, targeting chemokines may represent
a favourable alternative approach [319, 320]. Development of chemokine antagonists has been considered and
a few chemokine antagonists have been developed. Although synthetic small molecule-based strategies are
possible, such molecules may not be highly selective for their targets. On the other hand, in nature, several
viruses and parasites have evolved to be able to disrupt or invade our immune system by interacting with either
chemokines or their receptors [307]. Chemokine-inhibitory activity was detected in tick saliva and linked to
proteins named evasins, of which three proteins (evasin-1, -3 and -4) were identified in the brown dog tick
species [256, 308]. Thus, we set out to identify and characterise new evasin proteins. In Chapter 5, which was
recently published in The Journal of Biological Chemistry [321], we used sequence-based searches and
bioinformatic tools to identify evasin candidates from several tick species. We expressed and partially purified
the most promising candidates and screened them for chemokine-binding activity before fully purifying and
characterising four new evasins (from different tick genera) that could bind and inhibit chemokines. Our results
are discussed at the end of the Chapter 5 article and will not be discussed further. However, it is worth
mentioning that the ultimate goal of this project is to engineer highly selective evasins. To pursue this aim and
improve our knowledge of chemokine recognition by evasins, it will be necessary to identify evasins with
varied chemokine selectivity, solve structures of their chemokine complexes and evaluate the contributions of
interface residues to binding affinity and selectivity. In addition, and similarly to chemokine receptors, evasins
can be post-translationally modified and present several glycosylation as well as tyrosine sulfation sites. The
influence of post-translational modifications on chemokine recognition by evasins is also of interest in our
laboratory.
Although this relatively new approach is promising, chemokine antagonists, just like chemokine
receptor antagonists, may suffer from an apparent lack of efficacy due to the high promiscuity in the
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chemokine:receptor network. To avoid this shortcoming, it is essential to improve our understanding of the
structural basis of chemokine recognition by chemokine receptors. Thus, in Chapters 3 and 4, we focused on
the mechanisms of activation of chemokine receptor CCR1. In Chapter 3, we described CCR1 biased agonism
when activated by HCC-2, MCP-2 and MCP-3. We found that receptor tyrosine sulfation did not seem to have
an influence on responses to chemokines and the observed bias did not depend on the Gα subtype. However,
N-terminal modifications of chemokines had substantial influences on their ability to activate CCR1.
Truncated and HCC-2/MCP-3 chimeric chemokines were expressed, purified and tested for CCR1 activation.
This showed that the chemokine N-terminus does have an impact on receptor activation but is not the only
region of the chemokine that controls receptor activation. As the results of this Chapter suggested that the twosite model of receptor activation may not be entirely applicable for CCR1, in Chapter 4, we decided to explore
this model further. To investigate the two-site model, we examined one site at a time. For site 1, which is
postulated to control binding only, we used a set of sulfopeptides with the CCR1 N-terminal sequence and
compared their ability to bind chemokines to the full-length CCR1. We developed a fluorescence anisotropy
assay to measure binding between sulfopeptides and chemokines and a radioligand displacement assay in cell
membranes to measure binding between the whole CCR1 protein and chemokines. This demonstrated that the
receptor N-terminus is not the only receptor region involved in binding as the peptide binding affinities and
selectivities did not correlate to the receptor ones. For site 2, which is postulated to control activation only, we
designed, expressed and purified a series of ten chimeric chemokines between MCP-3, a CCR1 agonist and
MCP-1, which is not a CCR1 agonist. By swapping regions between MCP-1 and -3 and testing the chimeras
for CCR1 activation using several different readouts, we could assess the involvement of each chemokine
region, i.e. N-terminus, N-loop and β3-turn. The results confirmed that the chemokine N-terminus plays a
crucial role in receptor activation. However, just like in Chapter 3, it also showed that the chemokine Nterminus is not sufficient to restore full activation of the receptor and that the N-loop also influences receptor
activation. In this section, we discuss the results from Chapters 3 and 4 further and propose a more detailed
version of the two-site model that accounts for our results.
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6.2.

Elaboration of the Two-site Model

6.2.1. Introduction of an Additional Chemokine:Receptor State
As described previously, numerous structural and mutational studies have been performed on chemokines
and chemokine receptors [298] and a model based on these studies was proposed in 1997 by Crump et al.
[280]. An important aspect of this model, is the definition of two sites that are distinct both spatially and
functionally. As drawn in Figure 6.1A, site 1 (black circle) involves the receptor N-terminus and the chemokine
N-loop and β3 regions and accounts for chemokine:receptor binding. Site 2 (orange circle) involves the
chemokine N-terminus and some receptor transmembrane helices and is responsible for receptor activation.
Although this simple model has proven very useful over the years, recent results from our laboratory as well
as other laboratories are either not accounted for or in contradiction with the two-site model [299]. Therefore,
there is a need to elaborate this model and to reconcile it with more recent data.
The comparison of chemokine binding selectivity by CCR1 N-terminal peptides and full-length CCR1
(Chapter 4) showed that the receptor N-terminus does not completely account for all the binding interactions.
This implies that other regions are involved in chemokine binding by CCR1. This conclusion is consistent with
previous results from our laboratory where chemokine N-termini were found to contribute to the affinity of
MCP-1 and MCP-3 for CCR2 [287]. In addition, this hypothesis is supported by the fact that peptide binding
is much weaker than receptor binding, so interactions from outside site 1 are needed to achieve full-strength
binding. Adding another intermediate species in the traditional two-site model (Figure 6.1B, state c) where the
receptor is still in an inactive state but is fully interacting with the chemokine allows for other binding
interactions to be made after the core of the chemokine attaches to the receptor N-terminus. The first
equilibrium in Figure 6.1B, which describes site 1 interactions, would be a low affinity binding and could
occur for cognate and non-cognate chemokines. This initial binding would then be followed by a high affinity
binding (second equilibrium) involving other regions of the chemokine and receptor, including but maybe not
limited to the chemokine N-terminus interacting with residues in the receptor transmembrane helices. The high
affinity binding would occur only for cognate chemokines and receptor antagonists and would be responsible,
in large part, for the chemokine selectivity of the receptor. Thus, if the selectivity is no longer believed to be
driven by the receptor N-terminus, it would not be surprising that the N-terminal peptides did not reflect the
receptor selectivity. This proposed extended model is in agreement with our results, however it directly
challenges the original spatial separation between binding and activation, as binding interactions would now
be occurring in site 2.
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Figure 6.1: Traditional and Extended Two-site Model. (A) Schematic representation of the original twosite model proposed by Crump et al. This model contains two distinct steps, one for binding (site 1 circled in
black) and one for activation (site 2 circled in orange). (B) Schematic representation of the proposed extended
two-site model. Each receptor state is labelled from a to d. In this model, an additional state is present (state
c). Binding occurs in the first two equilibria, equilibrium 1 representing a low affinity binding and equilibrium
2 representing a second binding site, which, together with site 1 leads to high affinity binding. At this stage,
the receptor is still in an inactive conformation (red). The third equilibrium represents a change in receptor
conformation which leads to the receptor being activated (green) and generating further downstream signalling.
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The existence of a high affinity complex between a chemokine and an inactive receptor is supported by
two recent high-resolution structures. In the CXCR4:vMIPII [166] and CCR5:5P7-CCL5 [167] structures, we
know that the receptors are in inactive conformations as they are bound to receptor antagonists. This proves
that a high affinity, inactive state of the complex exists. Importantly, in both of these structures, the chemokine
N-terminus is inserted into the TM bundle of the receptor forming the site 2 interactions proposed above,
consistent with the representation in Figure 6.1B, state c.
Knowing that the high affinity, inactive state of the complex exists for bound antagonists and that a high
affinity, active state complex exists for bound agonists (because agonists are able to initiate signalling), the
only missing piece of this model is a direct proof of the existence of an inactive receptor fully bound to a
cognate chemokine agonist. It will not be easy to solve a structure of such a complex because its population is
likely to be low or comparable to that of the activated complex. Therefore, other methods will be needed to
demonstrate its existence. In particular, a method is required that reports on the populations of different
structural states of the receptor. Various fluorescence techniques that enable measurement of intramolecular
distances may be suitable. For example, FRET has been used to assess distances between GPCR helices [322,
323] and direct measurement of GPCR activation has been accomplished using FRET between CFP introduced
into ICL3 and YFP in the C-terminus of α2 adrenergic receptor [324]. Similar approaches could be applied to
chemokine receptors. It may be necessary to apply these approaches in single molecule measurements to
observe the populations of receptor molecules in distinct conformations (different FRET efficiencies).
Once the receptor is fully bound to its cognate chemokine, conformational changes can occur enabling the
receptor to transition from an inactive to an active state and initiate signalling. In this extended model, site 1
interactions could potentially be involved in controlling activation. This is consistent with our results from
Chapters 3 and 4 where we first showed that the N-terminus was not sufficient to restore full activation
(Chapter 4, section 4.3.2), then identified the N-loop as another chemokine region involved in receptor
activation (Chapter 4, section 4.3.2). As previously mentioned, the major difference between the traditional
and extended models is the spatial separation between binding and activation sites. In the proposed extended
model, sites 1 and 2 are still spatially distinct but could partake in both functions.

6.2.2. The Extended Two-site Model for Agonists, Antagonists, Partial Agonists and
Inverse Agonists
It is important to note that both the traditional and amended versions of the two-site model are
thermodynamic models and that they do not describe any kinetic aspect. These thermodynamic models all
assume that the chemokine:receptor interactions are at equilibrium which may not always be entirely true. The
hypothesis that binding occurs prior to the receptor being activated is derived from indirect evidence such as
the fact that N-terminally truncated chemokines can still bind to their receptor without activating it [325, 326].
Kinetic studies would be of high interest because they could help in testing the various models of receptor
activation. Moreover, reaction rates could play a crucial role in differential agonism as reported by Shonberg
et al. for the dopamine D2 receptor [284].
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An advantage of the proposed amended two-site model is that it can account for several different types of
ligands, including full, partial and inverse agonists and antagonists. Each type of ligand would stabilise the
complexes formed with the receptor to different extents and thus differ in their ability to shift the equilibria
presented in Figure 6.2A, particularly between the bound (high affinity) inactive state (state c) and the bound
(high affinity) activated state (state d). A speculative free energy diagram is provided in Figure 6.2B to help
interpret the extended model. Of course, the details of the free energy diagram would depend on the precise
values of the various equilibrium constants and the ligand concentration. Figure 6.2B represents the typical
situation expected for a ligand concentration of ~10-100 nM, intermediate between the Kd for receptor binding
(typically ~1 nM or less) and the Kd for site 1 binding (typically ~1 μM or more). The free energy diagram can
be used to compare the relative energy levels and deduce which species is more likely to be the dominant one
in the receptor population for different types of ligands.
When there is no ligand bound (Figure 6.2B, black curve), the receptor can either be in an inactive or
active conformation. No interaction can be made to stabilise the active conformation which makes it relatively
unstable and rare in the receptor population, although occasional population of this state could result in basal
signalling activity. When a ligand is present, it can bind to the receptor and generate the low affinity inactive
complex (state b). The interactions involved are weak and do not account for ligand selectivity, so the free
energy of this state is likely to be similar regardless of the ligand type, including for non-cognate chemokines.
The differences materialise in the last two states. A non-cognate chemokine (neither an agonist nor an
antagonist, yellow curve) is unlikely to form a high affinity complex with the receptor and the equilibrium will
tend to favour state a. For a full agonist (green curve), the high affinity inactive state (state c) is more stable
than the low affinity state (state b) but less stable than the bound, active state, which is why the energy level
of state c is higher than that of state d. For an antagonist (red curve) or an inverse agonist (purple curve), it
will be the opposite. The interactions made between the antagonist or inverse agonist and the receptor will be
in favour of the inactive state c, thus lowering its energy level compare to the active state d. In the case of a
partial agonist (blue curve), the energy levels are likely to be similar between active and inactive conformations.
This will generate a mixed receptor population reflective of a weaker overall signalling outcome.
The extended model presented in Figure 6.2 does not explicitly incorporate the influence of tyrosine
sulfation (or other post-translational modifications) on chemokine receptor activation. However, the effects of
receptor sulfation could be incorporated into this model, essentially by treating the modified receptor as a
different receptor from the non-modified one. For CCR1, we found (Chapter 4) that tyrosine sulfation enhanced
the binding affinity of chemokines to N-terminal receptor peptides but did not appear to influence high affinity
CCR1 binding and activation. In the extended two-site model these effects could be represented by stabilisation
of state b without altering the free energy of states c and d. On the other hand, sulfation has previously been
shown to enhance high affinity chemokine binding in several chemokine receptors [144]. In those cases, it is
likely that both states b and c as well as possibly state d) would be stabilised in the sulfated form of the receptor
compared to the non-sulfated form.
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Figure 6.2: Extended Two-site Model for Differential Agonism. (A) Schematic representation of the
proposed extended two-site model. In this model, an additional equilibrium is present. Each receptor state is
labelled from a to d. (B) Hypothetical free energy diagram expected for a ligand concentration of ~10-100 nM,
intermediate between the Kd for receptor binding (typically ~1 nM or less) and the Kd for site 1 binding
(typically ~1 µM). Activation energy barriers are shown at arbitrary heights. The relative energy levels of each
receptor state are represented by various colours, depending on what type of ligand the receptor is interacting
with.
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6.2.3. Further Extension of the Model to Account for Biased Agonism
The extended model presented above is more versatile than the traditional two-site model as it can account
for various types of agonism and antagonism. However, biased agonism is not represented in Figure 6.2 as it
includes only one active form of the receptor. Nevertheless, by considering different active conformations
corresponding to the activation of different pathways, it would be possible to represent biased agonism as well.
For example, a ligand biased towards β-arrestin recruitment and away from cAMP inhibition would lower the
free energy level of the receptor conformation (state d) that couples to the β-arrestin pathway relative to the
receptor conformation (state d) that couples to the cAMP inhibition pathway. In the simplest model consistent
with biased agonism, both active states would be derived from the same high affinity agonist-bound inactive
state, similar to state c in Figure 6.2.
Another aspect that is not described in the proposed model in Figure 6.2 is the structural dynamics of
chemokine and receptor and how this could affect the receptor’s activation and biased agonism. It is indeed
likely that upon binding, both chemokine and receptor structures change, particularly for the N-termini that
are usually flexible and disordered but are likely to transition towards more ordered states when complexes
are formed. The chemokine N-terminus induces structural changes within the core of the receptor and becomes
visible in crystal structures which is usually not the case in free chemokine structures. Similarly, binding
between the receptor N-terminus and the chemokine core is likely to induce subtle structural changes within
the chemokine, which could be responsible for subtle changes observed in signalling. Once again, structural
and other biophysical information would be critical to understand the different interactions giving rise to the
alternative active states of the receptor.

6.2.4. Towards a Multi-site Model
All results obtained during this project can be interpreted using the extended models discussed above in
which the interactions between the chemokine and receptor occur within the two physically distinct and
discrete sites defined previously. However, we cannot exclude the possibility that there are significant
influences of interactions outside these two sites. In this regard, the structure of vMIP-II bound to CXCR4
indicated the presence of interactions in a site called site 1.5 [166]. As its name suggests, this site is located
between site 1 and site 2 and includes regions that could not be attributed to site 1 or 2, i.e. interactions between
the cysteine residues in the CC or CXC motif of the chemokine and the base of the receptor N-terminus.
Moreover, as new structural studies were published, further interactions were observed that did not belong to
site 1, 2 or 1.5, particularly in the extracellular loops of the receptor [327]. Although the observation of these
structural interactions does not necessarily imply that they are energetically or mechanistically significant, it
does suggest that a model with two spatially separated sites may not be sufficient to account for the complexity
of the interactions. Therefore, some groups are now considering a more complex multi-site model [328].
Validation of such models will require more structures of chemokine-receptor complexes to be solved and the
importance of the additional interactions will need to be tested using mutational approaches. More broadly, we
should consider that there may not be a general model that is applicable to all chemokine:receptor interactions
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and that each chemokine:receptor pair may follow a slightly different mechanistic pathway leading to the
variety of signalling outcomes needed to selectively recruit different types of leukocytes.

6.3.

Potential CCR1 and MCP Chemokine Mutants to Identify Detailed Site 2
Interactions

In the extended two-site model proposed above, critical interactions for both high affinity binding and
receptor activation are located in site 2, i.e. the chemokine N-terminus and the TM bundle of the receptor. In
Chapter 4, we showed that replacing the N-terminus of MCP-3 by that of MCP-1 (in the MCP3-133 chimera)
reduced the ability of the chemokine to activate CCR1. However, in a recent study in our laboratory [287], we
found that the same modification increased the ability of the chemokine to activate CCR2. Thus, it appears
that, in comparison to MCP-3, the N-terminus of MCP-1 forms unfavourable interactions with residues in the
TM bundle of CCR1 and favourable interactions with the corresponding residues in the TM bundle of CCR2.
It would be interesting to identify the specific chemokine and receptor residues that could be responsible for
these differential interactions.
Comparison of MCP-3 and MCP-1 indicates that their N-terminal sequences differ at only five residues
separated into two clusters. Residues V3G4 in MCP-3 are substituted by D3A4 in MCP-1 and residues T7S8T9
in MCP-3 are substituted by A7A8V9 in MCP-1. It may be informative to examine a series of mutants in which
each residue or each cluster is swapped between the two chemokines in order to identify those contributing
most to the differential effects at CCR1 and CCR2.
For identifying the receptor residues influencing the differential interactions with these chemokine Nterminal residues, it is noteworthy that MCP-1 is a potent agonist of CCR2, CCR3 and CCR5 but is much less
potent at CCR1, which is nonetheless closely related to the other three CC chemokine receptors. A recent
review on the structural analysis of chemokine receptor:ligand interactions reported that the binding site of
CCR1 shares 68, 86 and 81% sequence similarity with the binding sites of CCR2, CCR3 and CCR5,
respectively [329]. Considering these high levels of similarity, and that there is no CCR1 structure available
to date, we have used a sequence alignment of the four CC chemokine receptors as well as a homology model
of CCR2 bound to MCP-1 previously developed in our laboratory [287] to investigate and identify residues
that could be critical for the differential interactions of the chemokine N-termini. Figure 6.3 shows in red the
residues that are hypothesised to have an influence on MCP-1:CCR1 interactions. Several residues were
chosen according to three criteria. First, the sequence alignment (Figure 6.3A) was used to identify residues
that are conserved in CCR2, CCR3 and CCR5 but differ in CCR1. Second, the locations of these residues on
the structure were considered and residues that were not close to the binding site were excluded, although they
could still have an indirect influence on MCP-1:CCR1 interactions. Finally, residues that were previously
identified as important through mutagenesis were also included [329], as long as the location criteria were met.
This approach led to the identification of seven residues that are proposed to contribute to the differential
interactions with chemokine N-termini and would therefore be good candidates for CCR1 mutational studies:
F32 (TM1), D92 (TM2), Y114 (TM3), Y170 (TM4), A200 (TM5), L203 (TM5) and V264 (TM6). Although the side
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chains of some residues are pointing outside the helical bundle in the CCR2 model, it is hard to predict the
exact orientation of each helix in CCR1, so these residues were not excluded. Five of the seven residues were
conserved in the other three sequences and different in the CCR1 sequence: F32 (TM1) corresponds to
isoleucine or leucine residues in the other receptors; D92 (TM2) corresponds to a conserved histidine residue;
Y170 (TM4) corresponds to a conserved isoleucine residue; A200 (TM5) corresponds to a conserved threonine
residue and V264 (TM6) corresponds to serine or threonine residues. Other than these five, Y114 (TM3) is located
just next to another tyrosine residue that is highly conserved in chemokine receptors and is known to be
interacting with chemokines (Y116 belongs to the signal initiation residues in CXCR4 [330] and Y120 in CCR2
was also identified as a critical position by our laboratory). In the other receptors, this position is either a
histidine (CCR2 and CCR3) or a phenylalanine (CCR5) residue. Although this residue is a less obvious choice,
the two tyrosines could interact with each other, preventing other interactions from happening. Finally, L203
(TM5) corresponds to a variable position. However, the corresponding R206 in CCR2 was identified as crucial
for MCP-1 binding and activation by our laboratory and its side chain is pointing inside the helical bundle,
towards the first residues of MCP-1.
To summarise, these sequence and structural comparisons have identified a series of residues in the Ntermini of MCP chemokines and CC chemokine receptors that may form critical interactions with each other.
It would be informative to mutate these residues of CCR1 to corresponding residues in CCR2 (and vice versa)
and compare the ability of these mutants to bind and be activated by the wild type chemokines as well as the
N-terminus swap mutants suggested above. Such studies may identify critical interactions contributing to
chemokine:receptor specificity.
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Figure 6.3: Potential CCR1 Mutations for MCP-1 Activation. (A) Sequence alignment of CCR1, 2, 3 and
5. CCR1 is the only receptor that is not activated by MCP-1. Potential mutations are highlighted in red and the
residues with side chains pointing towards the inside of the receptor bundle are highlighted in bold. (B) Full
view showing the homology model of CCR2 (grey background, helices coloured in salmon (TM1), orange
(TM2), pale yellow (TM3), pale green (TM4), cyan (TM5), violet (TM6) and magenta (TM7)) bound to MCP1 (light blue with rainbow N-terminus). The potential mutations are shown in red with their side chains and
amino acid numbers. (C) Top view of the picture shown in (B). MCP-1 is not shown except for its N-terminus
(rainbow).
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6.4.

Conclusion

To summarise, this project was designed to investigate chemokine recognition by the CC chemokine
receptor CCR1. By measuring several signalling readouts, we showed that CCR1 exhibits biased agonism
when activated by several cognate chemokines and that the chemokine N-terminus is not the only chemokine
region regulating receptor activation. This unpredicted result prompted us to explore in more details the model
describing chemokine:receptor interactions. We studied both sites of this two-site model using peptide models
for site 1 and chimeric proteins for site 2. Our results revealed that the site 1 interactions were not sufficient to
account for full-strength binding, suggesting that regions other than the receptor N-terminus contribute to high
affinity chemokine binding. Results from site 2 also proved that regions other than the chemokine N-terminus
are needed to fully control receptor activation, in particular the chemokine N-loop. Thus, we proposed an
amended version of the two-site model that could reconcile our results and also account for subtle changes and
fine-tuned mechanisms. Together with recent structural data on chemokine receptors, our findings contribute
to ongoing efforts to elucidate the molecular mechanisms of chemokine receptor activation and provide
insights towards understanding the functional selectivity of different chemokines.
In addition to the mechanistic aspect of this project, we sought an alternative to small molecule antagonists
targeting chemokine receptors. Increasing our structural knowledge is indeed crucial to designing better drugs
and overcoming the complexity of the chemokine:receptor network. However, it is also essential to look for
alternative strategies in the meantime. Thus, we used bioinformatics to identify new chemokine-inhibitory
evasins from a variety of tick species. Evasins, unlike other types of chemokine antagonists have already shown
some selectivity in the subset of chemokines that they can bind and inhibit. This makes them ideal candidates
to modify and engineer in order to create highly specific chemokine inhibitors that could be used as treatments
for many diseases.
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Appendix I: Correspondence Table for Systematic and Common Chemokine Names
Systematic
Names
CCL1
CCL2
CCL3
CCL4
CCL5
CCL7
CCL8
CCL11
CCL13
CCL14
CCL15
CCL16
CCL17
CCL18
CCL19
CCL20
CCL21
CCL22
CCL23
CCL24
CCL25
CCL26
CCL27
CCL28
CXCL1
CXCL2
CXCL3
CXCL4
CXCL5
CXCL6
CXCL7
CXCL8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL14
CXCL16
CXCL17
CX3CL1
XCL1
XCL2

Abbreviated
Names
I-309
MCP-1
MIP-1α
MIP-1β
RANTES
MCP-3
MCP-2
Eotaxin-1
MCP-4
HCC-1
HCC-2/Lkn-1
HCC-4
TARC
PARC
ELC/MIP-3β
MIP-3α
SLC
MDC
MPIF-1
Eotaxin-2
TECK
Eotaxin-3
CTACK
MEC
Gro-α
Gro-β
Gro-γ
PF4
ENA78
GCP-2
PPBP
IL-8
MIG
IP-10
I-TAC
SDF-1
BLC
BRAK
SRPSOX
vCC1
Fractalkine
SCM-1α
SCM-1β

Common Names
T Lymphocyte-Secreted Protein I-309
Monocyte Chemoattractant Protein 1
Macrophage Inflammatory Protein 1α
Macrophage Inflammatory Protein 1β
Regulated upon Activation, Normally T cell Expressed And Secreted
Monocyte Chemoattractant Protein 3
Monocyte Chemoattractant Protein 2
Eotaxin 1
Monocyte Chemoattractant Protein 4
Hemofiltrate CC Chemokine 1
Hemofiltrate CC Chemokine 2/Leukotactin 1
Hemofiltrate CC Chemokine 4
Thymus And Activation-Regulated Chemokine
Pulmonary And Activation-Regulated Chemokine
Epstein-Barr Virus-Induced Molecule 1 Ligand Chemokine/Macrophage Inflammatory Protein 3β
Macrophage Inflammatory Protein 3α
Secondary Lymphoid Tissue Chemokine
Macrophage-Derived Chemokine
Myeloid Progenitor Inhibitory Factor 1
Eotaxin 2
Thymus Expressed Chemokine
Eotaxin 3
Cutaneous T-Cell Attracting Chemokine
Mucosae-Associated Epithelial Chemokine
Melanoma Growth Stimulatory Activity α
Melanoma Growth Stimulatory Activity β
Melanoma Growth Stimulatory Activity γ
Platelet Factor 4
Epithelial-Derived Neutrophil-Activating Protein 78
Granulocyte Chemotactic Protein 2
Pro-Platelet Basic Protein
Interleukin 8
Monokine Induced By Interferon-Gamma
10 kDa Interferon Gamma-Induced Protein
Interferon-Inducible T-Cell Alpha Chemoattractant
Stromal Cell-Derived Factor 1
B Lymphocyte Chemoattractant
Breast and Kidney-Expressed Chemokine
Scavenger Receptor For Phosphatidylserine And Oxidized Low Density Lipoprotein
VEGF Coregulated Chemokine 1
Fractalkine
Single Cysteine Motif 1α / Lymphotactin
Single Cysteine Motif 1β

Table I.1: Correspondence Table between Common and Systematic Chemokine Names. The systematic
name, abbreviated names and common name are provided for each chemokine mentioned in this thesis.

154

Appendices

Appendix II: Gα Screen and Timecourse

Figure II.1: Gαi1 Concentration-response Curves and Timecourse. GPA was measured using His6-c-MycCCR1 Flp-In T-REx HEK 293 cells and Gαi1. Transfections were performed as described in Chapter 2, section
2.7.6. Each graph shows, for a given time after addition of chemokines, the concentration-response data for
four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated or chlorate-treated cells. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure II.2: Gαi2 Concentration-response Curves and Timecourse. GPA was measured using His6-c-MycCCR1 Flp-In T-REx HEK 293 cells and Gαi2. Transfections were performed as described in Chapter 2, section
2.7.6. Each graph shows, for a given time after addition of chemokines, the concentration-response data for
four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated or chlorate-treated cells. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure II.3: Gαi3 Concentration-response Curves and Timecourse. GPA was measured using His6-c-MycCCR1 Flp-In T-REx HEK 293 cells and Gαi3. Transfections were performed as described in Chapter 2, section
2.7.6. Each graph shows, for a given time after addition of chemokines, the concentration-response data for
four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated or chlorate-treated cells. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure II.4: GαoA Concentration-response Curves and Timecourse. GPA was measured using His6-c-MycCCR1 Flp-In T-REx HEK 293 cells and GαoA. Transfections were performed as described in Chapter 2, section
2.7.6. Each graph shows, for a given time after addition of chemokines, the concentration-response data for
four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated or chlorate-treated cells. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure II.5: GαoB Concentration-response Curves and Timecourse. GPA was measured using His6-c-MycCCR1 Flp-In T-REx HEK 293 cells and GαoB. Transfections were performed as described in Chapter 2, section
2.7.6. Each graph shows, for a given time after addition of chemokines, the concentration-response data for
four chemokines HCC-2, MCP-2, MCP-3 and RANTES using non-treated or chlorate-treated cells. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Appendix III: CCR1 Activation by MCP-1/3 Chimeras

Figure III.1: Activation of CCR1 by MCP-1 Background Chimeras. (A) β-arr2 recruitment was measured
using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and β-arr2-YFP.
(B) GPA was measured using His6-c-Myc-CCR1 Flp-In T-REx HEK 293 cells and several G proteins and a
GRK3 constructs (as described in Chapter 2, section 2.7.6), transiently transfected. (C) cAMP inhibition was
measured using His6-c-Myc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP
biosensor. (D) ERK1/2 phosphorylation assay was performed using His6-c-Myc-CCR1 Flp-In T-REx HEK
293 cells and the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Figure III.2: Activation of CCR1 by MCP-3 Background Chimeras. (A) β-arr2 recruitment was measured
using parental HEK 293 cells transiently transfected with plasmids encoding CCR1-RLuc8 and β-arr2-YFP.
(B) GPA was measured using His6-c-Myc-CCR1 Flp-In T-REx HEK 293 cells and several G proteins and a
GRK3 constructs (as described in Chapter 2, section 2.7.6), transiently transfected. (C) cAMP inhibition was
measured using His6-c-Myc-CCR1 Flp-In T-REx 293 cells transiently transfected with a BRET-based cAMP
biosensor. (D) ERK1/2 phosphorylation assay was performed using His6-c-Myc-CCR1 Flp-In T-REx HEK
293 cells and the amount of phosphorylated ERK1/2 was measured by AlphaScreen detection. Data points
represent means ± SEM of at least three independent experiments performed in duplicate.
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Appendix IV: Oligonucleotide Sequences
Oligo
Label
HCC1-1
JS-14-01
HCC1-2
JS-14-02
HCC1-3
JS-14-03
HCC1-4
JS-14-04
HCC1-5
JS-14-05
HCC1-6
JS-14-06
HCC2-1
JS-14-07
HCC2-2
JS-14-08
HCC2-3
JS-14-09
HCC2-4
JS-14-10
HCC2-5
JS-14-11
HCC2-6
JS-14-12

Description

Oligo Sequence

Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC1/CCL14 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene
Oligo for recursive
PCR to make
HCC2/CCL15 gene

5’GGCGATATTCATATGGAGAACCTGTACTTCCAGGGC
CCGTATCATCCGTCCGAATGTTGC- 3’
5’CCCGTATCATCCGTCCGAATGTTGCTTCACCTATACC
ACGTACAAGATTCCGCGCCAGCGC- 3’
5’CAAGATTCCGCGCCAGCGCATTATGGATTACTATGAA
ACCAATTCCCAGTGCAGCAAACCGGGC- 3’
5’GGTGCACACGCTATGGCCGCGTTTCGTGATGAAGAC
AATGCCCGGTTTGCTGCACTGG- 3’
5’CCTTGATGTAATCCTGCACCCACTTGTCGCTCGGATT
GGTGCACACGCTATGGCCGC- 3’
5’CGTCGGCAGCTCGAGTTAGTTTTCTTTCATATCCTTG
ATGTAATCCTGCACCCACTTGTCG- 3’
5’GGCGATATTCATATGGAGAACCTGTACTTCCAGCATT
TTGCCGCGGATTGTTGCACCAGC- 3’
5’CCGCGGATTGTTGCACCAGCTACATCAGCCAGAGCA
TTCCGTGCAGCCTGATGAAAAGC- 3’
5’GCATTCCGTGCAGCCTGATGAAAAGCTACTTCGAAAC
GTCCAGCGAATGCAGCAAACCGGGCG- 3’
5’CGCGCACACCTGGCGGCCTTTCTTGGTCAGGAAGAT
GACGCCCGGTTTGCTGCATTCGC- 3’
5’CAGTTTCTTCATGCAATCCTGCACGCCCGGGCCGCT
CGGTTTCGCGCACACCTGGCGG- 3’
5’CGTCGGCAGCTCGAGTTAAATGGAATACGGTTTCAGT
TTCTTCATGCAATCCTGCACGCCC- 3’
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MPIF1-0
JS-14-13
MPIF1-1
JS-14-14
MPIF1-2
JS-14-15
MPIF1-3
JS-14-16
MPIF1-4
JS-14-17
MPIF1-5
JS-14-18
MPIF1-6
JS-14-19
CCR1/5-0
JS-14-20
CCR1-1
JS-14-21
CCR1-2
JS-14-22

Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make
MPIF1/CCL23 gene
Oligo for recursive
PCR to make His6-cMyc-CCR1/5 gene
Oligo for recursive
PCR to make His6-cMyc-CCR1 gene
Oligo for recursive
PCR to make His6-cMyc-CCR1 gene

5’GGCGATATTCATATGGAGAACCTGTACTTCCAGATGG
ATCGCTTCCATGCCACGTC- 3’
5’GGATCGCTTCCATGCCACGTCGGCGGATTGTTGCAT
TAGCTATACCCCGCG- 3’
5’GGATTGTTGCATTAGCTATACCCCGCGCTCCATTCCG
TGCAGCCTGCTGGAGAGCTACTTCGAGACC- 3’
5’CCTGCTGGAGAGCTACTTCGAGACCAATAGCGAATG
CAGCAAACCGGGCGTGATCTTCCTGAC- 3’
5’CCTGCTTGTCGCTCGGATTCGCGCAGAAGCGGCGG
CCTTTCTTGGTCAGGAAGATCACGCCCGG- 3’
5’GCGGGTATCCAGTTTCAGCATACGCATACAGACCTG
CACCTGCTTGTCGCTCGGATTCG- 3’
5’CGTCGGCAGCTCGAGTTAGTTCTTGCGCGTCTTGAT
GCGGGTATCCAGTTTCAGCATACGC-3’
5’AGCGCGGGCAAGCTTATGGGCGAGCAGAAACTTATC
TCTGAAGAAGATCTGGGCAGCGCGCACC-3’
5’GGGCAGCGCGCACCATCATCATCATCACAGCGGCG
CAATGGAAACTCCAAACACCACAGAGGACTATG-3’
5’CCCTCTAGACTCGAGTCAGAACCCAGCAGAGAGTTC
ATGCTCCCC-3’

56

51

67

63

64

59

61

64

68

45

Table IV.1: Oligonucleotide List for HCC-1, HCC-2, MPIF-1 and CCR1 Cloning. The ordering name,
description, sequence and length of each oligo used in this thesis are provided.
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Appendix V: Supplementary Material for Chapter 5
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