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Abstract

G protein- coupled receptors (GPCR5) are seven transmembrane receptors that comprise the
largest superfamily of proteins in the body that are involved in a variety of fundamental
processes including sight, smell, tactile as well as nervous responses. Tightly coordinated,
control of these receptors is critical for normal physiology. Emphasis has been placed in
pharmaceuticals to find ways to inhibit or accelerate these processes in GPCR implicated
diseases. Although tertiary structural information would be beneficial for rational drug design,
little is known about the structure of GPCRs despite extensive research in the field. Only two
high resolution structures exist for any mammalian GPCR. Structural studies are challenged by
the intrinsic difficulty associated with purifying these receptors in high quality and quantity. To
overcome these challenges, we propose a mass spectrometric, sequence-based approach to
characterize GPCRs allowing for the rapid characterization of an ectopically as well as
endogenously expressed receptor employing a receptor tag. The sensitivity of the approach
allows for the implementation of a mammalian expression system with the physiologically
relevant post-translational modifications (PTMs). The sites of N-linked glycosylation has been
mapped and receptor isoforms were identified for a model GPCR, CXCR4 and a related receptor,
CCR5. This approach is versatile and applicable to other membrane proteins such as ATP
binding cassette (ABC) transporters and has been adapted into an antibody screening platform.
As proof- of- principle, we have developed a monoclonal anti-human CXCR4 antibody with
broad applications and potential for clinical diagnostics.

In view of the challenges preventing high resolution three-dimensional structure determination,
photoaffinity crosslinking was combined with our sequence-based strategy for receptor binding
site footprinting. CXCR4 ligand analogs containing a non-natural amino acid photocrosslinker,
benzophenylalanine and a biotin tag for complex isolation were chemically synthesized and
crosslinked to CXCR4 expressed on intact cells. Individual components of the receptor-ligand
complex were identified by western blotting and tandem mass spectrometry. Regions on the
bound receptor that were protected from protease treatment and consequently tandem MS/MS
sequencing were identified as potential sites of ligand-receptor contact. These regions were
identified as the receptor N-terminus and/or the first extracellular loop for ligand
binding/docking.
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Chapter I: Introduction

1.1 G protein-coupled receptors overview

G protein-coupled receptors (GPCRs) represent 3-4% of the human genome [2] and make

up a significant proportion of cellular proteins. These receptors have seven transmembrane

segments that are connected by extracellular and intracellular loops of varying lengths; the N-

terminal segment extends into the extracellular space and the C-terminus is intracellular (Figure

1-1). GPCRs relay extracellular signals which may be in the form of photon or ligand to trigger

intracellular heterotrimeric G-protein signalling. Upon receptor activation guanidinyl

diphosphate (GDP) which is bound to the G-protein is exchanged for guanidinyl triphosphate

(GTP) causing subunit dissociation [1]. The f3 and y subunits are lipid anchored while the a

subunit is released. Subsequent a subunit inactivation is caused by the hydrolysis of GTP to

GDP causes the heterotrimetric 0 protein to reform (Figure 1.2) [1].

Mammalian G protein-coupled receptors are classified into 6 groups: A) rhodopsin —

type, B) secretinlglucagon, C) metabotropic glutamate, D) fungal pheromone, E) cAMP and F)

frizzled/smoothened receptors [3, 4]. Group A, the rhodopsin-type receptors represent the

largest group in the superfamily (over 80% of all GPCRs) which account for many classical

receptors for neurotransmitters, biogenic amines, nucleotides, prostaglandins and chemokines [3,

5]. Over 30 human diseases are associated with mutations in GPCR-coded genes which include

retinis pigmentosa [5], nephrogenic diabetes insipidus [7, 8], hypo- and hyperthyroidism [5] as

well as immune deficiencies [9]. Due to their importance in physiology, GPCRs are commonly

targeted for drug discovery. GPCRs comprise approximately 60% of pharmaceutical targets [10]

and 25% of the top selling drugs on the market are targeted to GPCRs [5]. The GPCR, CXCR4
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is of particular interest due to implications in a variety of diseases and will be the primary focus

in the following dissertation.

Drug development for GPCRs face challenges such as antagonist cross-reactivity with

other GPCRs [11] and binding affinity discrepancies in mouse and human models [121. To

overcome these issues, high resolution structures for the GPCRs would be of great value for

defining specificities for rational drug design; however, not much is known at this time due to

inherent difficulties expressing and purifying these receptors. This challenge is reflected in the

lack of information available for this very important group of proteins; only 2 out of almost 350

functional GPCRs (excluding olfactory receptors) have solved structures, 200 of these receptors

have known ligands and 150 are orphan receptors [131. Of the mammalian GPCRs, only bovine

rhodopsin [14] and the human2-adrenrenergic receptor structure has been solved, since the

discovery and characterization of the GPCR superfamily in the late 1980’s [15, 16]. Bovine

rhodopsin was solved by two collaborating research groups in 2000 and since then the structures

of several related bacterial forms have also been established [14, 17, 18]. The structure of an

engineered form of32-adrenergic receptor was recently determined which took almost 20 years

to complete [15, 19, 20].

Although rhodopsin is virtually pure in bovine rod photoreceptor outer segments

providing an abundant source for high resolution analysis, the dynamic nature of the receptor

complicates uniform crystal formation [211. Receptor stabilization for both rhodopsin and 12-

adrenergic receptor was the breakthrough that enabled structural determination. Palczewski’s

group added Zn2 to rhodopsin [14] and the dynamic third intracellular ioop in the f32-adrenergic

receptor was replaced with a more rigid lysozyine domain [19]. The rationale for the
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stabilization was determined from previous work on the receptors employing other

complementary biochemical methods such as mutagenesis and mapping studies. For example,

the third intracellular loop in the 132-adrenergic receptor was identified and characterized from

earlier mutational studies by the same group that subsequently solved the structure [22-251.

Likewise, high resolution structures need to be consistent with the complementary

structure-function information obtained from alternative methods. The rhodopsin structure was

confirmed with available biochemical information collected from alternative approaches [26, 27]

linking structure with function providing a more complete model template for other GPCRs.

1.1.1 Rhodopsin, a model GPCR

The first GPCR high resolution structure solved at 2.8 A resolution was bovine

rhodopsin[14]. This breakthrough greatly impacted the field as no other information was

available at the time. Rhodopsin has become a structural template for understanding other

GPCRs and several groups have extrapolated information from the rhodopsin prototype to

validate other GPCR models. However, rhodopsin may not be the most suitable template due to

functional differences as compared to ligand binding GPCRs.

Rhodopsin functions as a bimodal switch, and does not have a ligand binding site and the

retinal cofactor binding site is buried unlike many other GPCRs. Moreover, rhodopsin shares

low sequence identity with most GPCRs, for example 14% for serotonin receptor [28] and

approximately 20% for CXCR4 as determined from protein blast 2 sequence alignment

(www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi). Despite these differences rhodopsin is still

widely used for homology modelling due to the lack of other models, especially prior to the

recent2-adrenergic receptor structure determination [20]. Homology modelling combined with

other biochemical assays are common alternatives to understanding GPCR structure-function
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relationships. Consequently this knowledge would facilitate high resolution analysis for this

family of receptors.

1.1.2 GPCR activation inferences from rhodopsin as a model

Rhodopsin functions through the trimeric G protein, transducin which dissociates when a

photon of light is absorbed. The high resolution structure solved for rhodopsin represents the

dark adapted resting receptor in the absence of light. A light activated structure for the receptor

has yet to be solved and what is currently known about receptor activation has been determined

from mutational analysis [30, 31, 32, 33].

Activation upon ligand binding or photon absorption causes movements in the helical

domains which lead to GTP binding and trimeric protein dissociation resulting in signal

transduction. Electrostatic interactions and hydrogen bonding are the main factors that restrain

as well as alter helical positions for rhodopsin [29]. In particular, electrostatic interactions

between specific residues in the (E/D)RY motif and other amino acids on the extracellular

surface dictate the straightening of helix VI and consequently the separation of helices III and VI

which is referred to as the “Protonation Model”[30]. In this model, the (E/D)RY motif in

transmembrane domain 3, bordering on intracellular ioop 2, is constrained [30]. When the

electrostatic interactions are released, as observed in mutational analysis which neutralizes the

charge on the acidic residue in the motif, a constitutively active mutant is formed. Other GPCRs

that follow this model include the opioid [31], alpha acetycholine [32, 33] and the beta

adrenergic receptor [34, 35].

While this model holds true for many class A GPCRs, CXCR4 is an exception to the rule.

Neutralization of the charge in the DRY motif results in partial loss of function but does not

affect G protein coupling for CXCR4 [36].
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1.1.3 Expression systems

In response to the limited expression levels of GPCRs from endogenous sources for

elegant structural analysis, heterologous overexpression systems such as bacculovirus, E. coli

and yeast have been implemented to study mammalian receptors. Portions of or the entire

protein, are generally selected for expression. Heterologous expression systems offer several

advantages, such as high protein yield and short generation times. Accurate folding, post-

translational modification and solubility are complicating factors in these systems since they are

dictated by the expression and trafficking machinery available in the host cell.

1.1.3.1 Accurate protein folding

Aggregated or misfolded proteins in inclusion bodies are sometimes observed in E. coli

expression systems [37, 38]. However, misfolded proteins in inclusion bodies may be recovered

and refolded under in vitro conditions; a technique which was first applied to overexpressed

olfactory receptors [391 and more recently to the leukotriene B4 [40] and the serotonin HT4-

hyciroxytryptamine receptors [41]. Refolding conditions were determined by systematic testing

for each receptor. To improve solubility, a fusion protein was cloned onto the HT4-

hydroxytryptamine receptor which was subsequently cleaved off [41].

1.1.3.2 Post-translational modifications

Heterologous expression systems may not have the enzymes required to add on

physiologically relevant post-translational modifications such as complex glycosylation,

phosphorylation and lipidation which are required for normal function. Membranes in

heterologous systems have different lipid environments for recombinant receptors, affecting

expression and localization as well as extraction conditions. Unlike bacteria, yeast express

endogenous GPCRs and thus have the enzymes required for eukaryotic post-translational

modifications (PTMs) but there are some differences between yeast and mammalian PTMs. For
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example yeast has ergosterol instead of cholesterol and different N-glycans from mammalian

cells. Accurate post-translational modification is essential for proper expression, structure and

function [42, 43].

In addition to PTMs, the host expression system needs to provide the physiologically

relevant interacting proteins, such as chaperones or scaffold proteins for proper GPCR structure

and function. Thus, heterologous systems may not provide a suitable environment for expression

of mammalian GPCRs. Although mammalian expression systems offer lower protein yields,

they are a more accurate source for the study of mammalian GPCRs.

1.1.3.3 Solubility

In addition to protein expression issues, protein extraction from the lipid membrane to

more experimentally feasible context limit further analysis of this group of receptors. Selecting

suitable receptor solubilising reagents such as detergent and chaotropes is non- trivial and differs

from protein to protein. The type of membrane in which the GPCR is expressed also affects

detergent choice. Moreover, it has also been reported that functional solubilisation of certain

GPCRs requires ligand binding for stabilization [44].

1.1.4 Purification

GPCR detergent solubilisation may be incompatible with subsequent purification steps

such as reverse phase chromatography and affinity purification that often requires three

dimensional shape recognition. Chromatographic methods targeted to protein-specific

properties, immunoaffinity as well as affinity tags for the protein of interest are common

enrichment strategies for GPCRs. Due to the challenging nature of GPCRs, accurate antigen

expression as well as solubility issues influence antibody production and subsequent validation.
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Many antibodies raised against GPCRs have been reported to have limited applicability to the

protein of interest due to lack of reagent validation and unaccounted receptor heterogeneity [45].

Detection of CXCR4, an important GPCR will be discussed in more detail in the

following. CXCR4 is often underestimated in samples with currently available antibodies. A

combination of different anti-CXCR4 antibodies recognizing different epitopes on the receptor

are necessary for complete and accurate detection due to antigenic heterogeneity [46].

Antibodies recognizing constant linear epitopes for GPCRs are highly desirable for receptor

localization and quantification, one such antibody is the monoclonal antibody 1D4 directed to the

C-terminus of bovine rhodopsin [47].

To overcome reagent and antibody limitations, general strategies such as affinity tags and

immobilized ligands for the specific GPCR are often employed. However, trial and error testing

is required to determine whether the tag affects receptor expression. If affinity tags are

applicable, they are simple and economical alternatives for purification.

1.2 Chemokine receptors, an important group of rhodopsin family GPCRs and their
cognate chemokine ligands

Chemokines are small structurally related secreted proteins that regulate homing and

activation of leukocytes as well as non-immune cells such as stem cells through GPCRs. There

are approximately 50 known human chemokines to date and approximately 20 cognate receptors

(Table A-i). The disparity between the number of ligands and receptors reflects overlapping and

promiscuous binding (Table A-i). Immunological functions that chemokines mediate include

inflammatory responses, recruitment of various leukocyte subpopulations to sites of tissue

damage, helper T cell responses as well as hematopoiesis [48, 49]. In addition, non-immune
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chemokine activities involve angiogenesis, organogenesis, stem cell mobilization [50] and cell

cycling [36, 51, 52].

1.2.1 Chemokine nomenclature and classification

At the Gordon Conference on chemotactic cytokines (June 23-28, 1996), systematic

chemokine nomenclature was proposed. Prior to the meeting, chemokines were named by the

investigators that discovered them. Some chemokines had several names and the acronyms

chosen were usually random. The proposed systematic nomenclature was based on the current

designation for chemokine receptors which is CC, CXC, XC, CX3C followed by R for receptor

and the number in which it was discovered. Similarly, chemokines under this classification are

designated the same subfamily followed by L for ligand [53] (Table A-i). The numbering

system follows the gene numbering encoded for each chemokine

(www.mdsystems.comlchemokine nomenclature. aspx). This standard is only applicable to

human chemokines to date [54]. However, the non-systematic names are still used widely

because they are familiar and descriptive. CXCL12, the ligand for CXCR4 will be referred to as

stromal cell derived factor 1 (SDF-1) from here on in.

Chemokines are classified into 4 subfamilies based on the positioning of the first two of

four conserved cysteine residues which are CXC, CC, CX3C and C, where X represents any

amino acid other than cysteine. Lymphotactin is an exception belonging to the C subfamily of

chemokines which has only 2 cysteine residues and hence one disulfide bridge. Similarly,

chemokine receptors are classified according to the subfamily of chemokine(s) that it binds to.

For example CXCR4 is the corresponding receptor for CXC chemokine, SDF- 1.
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The CXC family can be further classified into the ELR and non-ELR containing motif

chemokine. ELR chemokines such as interleukin-8 (IL-8) are involved in angiogenesis and bind

to CXCR1 and CXCR2 receptors whereas non-ELR chemokines including interferon gamma

(IFN-y), inducible protein 10 (IP- 10) and stromal cell derived factor 1 (SDF- 1) bind to receptors

CXCR3 and CXCR4, respectively (Table A-i).

1.2.2 Homeostatic and inflammatory chemokines

Chemokines are most commonly reported to be induced by pro-inflammatory cytokines

such as IFN -y and thus involved in inflammation. However, there is also a group of chemokines

that have homeostatic functions and are constitutively expressed in organs and tissues in the

absence of pro-inflammatory signals. Examples of homeostatic chemokines include CCL25,

also known as TECK, which is involved in T cell development in the thymus, and SDF-1 which

is involved in B cell development, organogenesis and stem cell homing. Yet another group of

chemokines have both inflammatory and homeostatic functions, such as CX3CL1 (fractalkine),

which is highly expressed in the brain, an immunopriviledged organ, but is also induced by the

pro-inflammatory cytokine TNF-a in endotheliai cells [55].

1.2.3 SDF-1 and CXCR4

At present, only SDF-1 and CXCR4 gene deletion results in lethality in the chemokine

and receptor families. Similar phenotypic abnormalities in both the receptor and chemokine

knockouts as well as perinatal lethality suggested that these two binding partners were mutually

exclusive. Other chemokines and chemokine receptors generally demonstrate promiscuous

binding and functional redundancy compensates for the gene deletions resulting in unchanged
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phenotypes. However, this only suggests that CXCR4 and SDF-1 are mutually exclusive

binding partners in early life for the knock-out mice and there is a possibility that other ligands

or receptors may bind later in life.

The exclusive binding between SDF-1 and CXCR4 was generally accepted up until

CXCR7 was identified as an alternate receptor for SDF-1 [54]. CXCR7 binds to SDF-1 but does

not induce Ca2 mobilization or cell migration but is found to induce increased adhesive

properties and promotes cell growth and survival [56, 57]

1.2.3.1 SDF-1

SDF-l is highly conserved across species; mouse and human SDF-1 have one amino acid

difference at position 17, from a valine in humans to an isoleucine in mice. SDF-l was first

coined the pre-B cell stimulating factor (PBSF) [58] and it is constitutively expressed in the

stromal cells in the bone marrow [59]. SDF- 1 retains pre-B cells in the appropriate niches for

maturation prior to release into the periphery [60]. Subsequent in vivo work with SDF-1

knockout mice suggested that SDF-1 had roles beyond the immune system including embryonic

development and homeostasis [61]. Defects in organ development indicated that SDF-1 is also

involved in organogenesis. Major organs that were affected by SDF-1 or CXCR4 deletion were

the hematopoietic, cardiovascular and central nervous system.

1.2.3.2 CXCR4

The NMR solution structure was solved for SDF- 1; however, little yet is known at atomic

resolution for CXCR4. Structural details on CXCR4 are mainly inferred from conserved motifs

common with rhodopsin.
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Similar to rhodopsin, CXCR4 has the DRY motif as well as a disulfide bridge in the

second extracellular loop and a NPXXY motif in the C-terminus for receptor trafficking to the

plasma membrane.

CXCR4 has ubiquitous expression in a variety of tissues such as various leukocyte

populations, hematopoietic progenitor cells as well as non-hematopoietic cells such as

endothelial and epithelial cells in the heart, central nervous system (CNS) and thymus [62].

Furthermore, different CXCR4 isoforms such as the splice variant CXCR4-lo, are not well

characterized also contribute to receptor functional diversity [63]. Conditional knockouts were

generated to clarify some of the SDF- 1 and CXCR4 tissue specific functions post embryogenesis

[64]. Conditional knockout mice, in which CXCR4 was selectively inactivated in B cell lineage

precursors, revealed that CXCR4 has an important role in regulating homeostasis of B cell

compartments and humoral immunity [64].

1.2.4 CXCR4 in cancer and tumour metastasis

Chemokine receptors are involved in the spread and metastatic growth of different

tumours [65]. Under normal conditions CXCR4 is ubiquitously expressed at low levels in

tissues including breast and ovary [54] but it is the most commonly overexpressed receptor in

human cancer cells [66]. Expression levels are monitored for clinical diagnostics and targeted

for anti-tumour therapies. However, receptor detection techniques are limited due to receptor

heterogeneity which is not currently well understood; moreover, the reagents for detection have

limited recognition, specificity and applicability [67]. We will describe a novel target probe

validation for anti-CXCR4 and a high quality anti-CXCR4 antibody that we have developed to

address these issues in this dissertation.
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Small molecule drugs that have been developed against CXCR4 include AM5D3 100,

T140 and ALX2O-4C. T140 and ALX2O-4C are peptide antagonists to CXCR4 whereas

AMD3 100 is a bicyclam derivative. However, all of these inhibitors are of limited utility.

AMD3 100 and ALX2O-4C have partial agonist activity and promote the mobilization of the

different CXCR4 expressing cellular subsets [68, 69]. T140 is a short peptide derivative of an

antiviral substance in horseshoe crab, which has secondary structure that mimics the strands of

the SDF-1 antiparallel beta sheet structure and inhibits cancer metastasis [70] in pre-clinical

models. However, T140 is small and fairly hydrophilic and is eliminated from the body after

administration [711. Consequently improved delivery and release systems are under investigation

[71].

1.2.5 CXCR4 is a co-receptor for HIV-1 infection

Factors secreted from CD8+ cells that blocked HIV-1 infection of CD4+ T-eells were

first leads to identifying chemokine receptors for HIV- 1 infection [72-74]. The secreted factor

was later identified as SDF-1 and the respective receptor, CXCR4 as a co-receptor for HIV-1

infection [75]. The envelope proteins on HIV- 1 interact with CXCR4 to facilitate viral entry in

macrophages and T-cells. Structure-function studies discovered that the CXCR4 HIV-l binding

determinants are in the second extracellular loop, particularly residues Asp 171 and Asp 262 [76,

77].

Small molecule antagonistic drugs have been developed to prevent HIV-1 infection

through blocking viral interacting sites. AMD3 100 blocks the CXCR4 receptor through

electrostatic interactions with two asparagine residues on ends of the second extracellular loop

12



[78]. However, as previously mentioned, AMD3 100 has residual agonist activity that may cause

toxic side effects [68, 69].

1.2.6 Modified chemokine and peptide antagonists

A high resolution structure for CXCR4 would greatly advance rational drug design for

chronic diseases such as cancer and AIDS. However, in the absence of high resolution

information, modified chemokines as well as chemokine peptides with comparable binding

affinity and high specificity to the receptor of interest are alternative approaches to the

development of pharmaceutical antagonists. Some examples include modified chemokine

Regulated upon Activation, Normal T cell Expressed (RANTES) or CCL5, MetRANTES [79]

and amino-oxypentane (AOP)-RANTES [80] that are used to block CCR5, another HIV-1

coreceptor. MetRANTES has high binding affinity to CCR5 since it is the natural receptor

chemokine that has an additional methionine attached on the N-terminus with partially muted

activity and partial agonist activity. Antagonists to CXCR4 such as SDF-1 P2G which is SDF-1,

in which proline in position 2 is replaced with glycine, is a high affinity antagonist. SDF-1 P2G

was used to show that SDF-1 is involved in stem cell cycling which has ramifications for

transplantation [48, 49].

1.3 Impact of chemically synthesized chemokines for advancing structure-function
knowledge

The late Ian Clark-Lewis at the University of British Columbia was arguably the pioneer

of chemical synthesis of functional chemokines. The Clark-Lewis group optimized solid phase t

Boc chemistry methods for the synthesis of 70-160 amino acid long full length bioactive
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cytokines [81, 821 which were subsequently extended to include chemokines. His work was of

great importance in advancing knowledge about motifs and structures that are involved in

chemokine function through in vitro studies with synthetic hybrids and truncation variants. In

particular, his seminal work with synthetic variants of SDF-1 proposed a model for chemokine

docking and receptor activation [841 which has become a well accepted model for other members

of the family.

Over the span of 15 years Dr. Clark-Lewis built an extensive peptide library of well over

1000 chemokines and related variants that were made readily available to other researchers in the

field. The analogs and truncation variants that were generated for SDF-1 alone have been

collated to show the breadth of the synthetic chemokine and corresponding analog repertoire that

was generated in the Clark-Lewis laboratory (Table A-2). The high yield, purity and speed in

which these chemokines could be generated greatly advanced high resolution structural analyses.

Synthetic chemokines could be generated in less than a week and from a single synthesis, 1-100

milligrams of active homogenous chemokines were recovered [83], whereas purification from

natural sources or recombinant approaches require more time.

These advances meant that for the first time functional chemokines could be rapidly

generated by non-recombinant methods and in high purity and yield. They have been shown to

be effective for in vitro [82, 84] as well as in vivo studies [85-87]. The first synthetic chemokine

structurally characterized was CXCL8 or interleukin 8 (IL-8), which demonstrated to the

scientific community that synthetic chemokines were equivalent to recombinantly produced

chemokines [83, 881. Taking advantage of the C-terminus to N-terminus synthesis directionality,

several N-terminal truncation variants, analogs with common C-terminal sequence and varied N

14



terminus as well as hybrids could be generated by splitting the solid-phase resin at intermediary

steps prior to the N-terminus.

Although the initial IL-8 high resolution structure was solved with recombinant sources

[89, 90], much of the structure-function relationships for IL-8 has been based on work with

synthetic analogs and truncation variants. For instance, high resolution structural studies

revealed a dimeric interface for IL-8 which was widely accepted to be active form of the

chemokine [89, 90]. However, the Clark-Lewis and Sykes groups observed contradictory results

using synthetic IL-8 analogs. They concluded that the dimerization observed in the NMR and

crystallography may have been artifacts caused by the high protein concentrations used for those

techniques. A synthetic analog that could not dimerize was shown to be fully bioactive in its

monomeric form [84]. Synthetic approaches were crucial for the discovery of key motifs such as

the ELR motif using other synthetic IL-8 variants [91].

1.3.1 Chemical synthesis of SDF- 1

The high purity and yield in which chemokines could be generated by solid phase

chemistry opened many new avenues for chemokine structure-function analysis. For example,

this enabled the structural elucidation of a number of chemokines such as SDF- 1. The SDF- 1

solution structure was solved by NMR [84]; however, a high resolution structure is not available

for the corresponding receptor CXCR4. What is currently known about the receptor has been

largely inferred from motifs present on the ligand. There are two main sites on SDF-1 that are

involved in the docking and activation of the receptor: the disordered N-terminus (residues 1- 8)

and the RFFESH motif (residues 12-17) (Figure 1-3). In particular, the first two amino acids

Lys-1 and Pro-2 on SDF-1 activate the receptor. When one or both of these amino acids are
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removed, the truncated ligand binds with a dissociation constant (Kj) similar to the native form

but is non-active [84]. Pro-2 is suggested to be important in positioning Lys-l for binding to the

extracellular loop(s) causing receptor conformational changes leading to downstream signal

transduction. To further discern the role that Lys-l plays in activation, an ornithine was

substituted at the Lys- 1 position [84]. Activity was retained with ornithine substitution at

position 1 whereas arginine substitution drastically reduced activity; however, binding affinity

was not affected suggesting that side chain size was important for activation. Addition of

glycine on the absolute N-terminal of SDF-l enhanced activity, suggesting that the N-terminal

amine group is partially buried and can tolerate an additional amino acid on the N-terminus.

This work as well as other structure-function studies with N-terminal truncation variants

identified the N-terminus as a key region involved in regulating chemokine activity suggesting

that proteolysis may be involved in regulation. Matrix metalloproteinases (MMPs) have been

implicated in clipping the N-terminus of the CC chemokine family of chemokines. Yeast two-

hybrid screens offered the first indication that chemokines, particularly monocyte

chemoattractant proteins, are substrates for MMP processing which was confirmed by in vitro

functional and binding assays [92]. MMP chemokine processing produced high affinity

antagonists that could also dampen inflammation in vivo [93].

1.3.2 Site-specific crosslinking analogs for receptor mapping

Site-specific crosslinkers have been extensively used to understand contact points

between the receptor and ligand as a means of understanding receptor binding and activation.

Photocrosslinkers are used for the study of many GPCRs such as the parathyroid hormone

receptor [94], cholecystokinin [95] and the substance P (NK- 1) receptor [96]. The crosslinkers
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are activated by UV light to form radical intermediates that can react to form covalent linkages to

the nearest neighbouring amino acid residues. The most common photoaffinity labels are aryl

azides, aryl diazirines, a-diazocarbonyls and benzophenone derivatives [99].

Receptor crosslinking stabilizes protein interactions and near-neighbour relationships for

known interacting partners. Receptor mapping of known binding proteins enable key regions on

the receptor targeted for high resolution structural analyses. Mapping studies facilitate sectional

analysis strategies that are reconstituted to understand the entire structure of the GPCR under

study. This strategy allows for examination of the receptor in manageable segments.

Photocrosslinkers such as aryl diazirines and benzophenone derivatives associated with

phenylalanine residues may be directly incorporated into the peptide of interest by solid phase

synthesis. Benzoylphenylalanine (BPA) is by far the most popular photocrosslinkers because it

offers several advantages: it can be directly incorporated into the ligand of interest by chemical

synthesis and is commercially available, and it is stable in water. The reaction that it undergoes

upon photoactivation is illustrated in Figure 1-4.

The crosslinked site is conventionally traced by radioisotopic labeling of the photoactive

ligand, followed by enzymatic digestion, separation on polyacrylamide gels or reversed phase

columns and then detection by autoradiography, UV absorbance or mass spectrometry. The

interaction site is then deduced from mass changes between the crosslinked and non-crosslinked

receptor species. When coupled to sensitive detection techniques such as mass spectrometry, the

receptor may be probed in more physiologically relevant expression systems.
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1.4 Mass spectrometry of membrane proteins and overview of membrane
proteomics

Integral membrane proteins are not readily adaptable to experimental techniques that

require abundant quantities of protein in solution. With the advent of soft ionization techniques

[96-98], the increasing power of computational analysis and the sequencing of the human

genome, sensitive mass spectrometry based approaches have been particularly useful for

understanding the membrane protein complement of cells in isolated or global studies.

When the high data-collecting capacity, speed and sensitivity of mass spectrometry are

applied to complex biological samples, the expression between proteins in two samples may be

compared. Unique protein expression differences observed between healthy and diseased

tissues are potential biomarkers. Biomarkers are employed for disease detection or to monitor

disease progression. Accurate biomarkers for early disease diagnosis have implications for

patient survival andlor identify therapies for immediate treatment.

The sequence of steps leading to protein MS fingerprinting, tandem mass spectrometry

and characterization entails sample preparation, acquisition and data interpretation.

1.4.1 Sample preparation for mass spectrometric analysis

Both in-solution and in-gel based sample preparation have been applied to membrane

protein mass spectrometric identification and mapping. Methods for membrane protein sample

preparation has been commonly developed on readily available endogenous bovine rhodopsin

[101] used as a model GPCR, as well as the related proton pump, bacteriorhodopsin [1021.
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1.4.1.1 In-solution digestion

A number of solution-based sample preparation methods for membrane extracted proteins

for matrix-assisted laser desorption (MALDI) [103] and electrospray ionization (ESI) mass

spectrometry [101] are reported despite the challenges involved with protein solubilisation.

Detergents and chaotropes interfere with liquid chromatography (LC) interfaced ESI-MS

instruments but weak detergents are tolerable at low concentrations on the MALDI-MS [104].

Strategies to overcome detergent and chaotrope interference include LC and MS compatible or

cleavable detergents [105] and protein precipitation partition [106] but each of these methods

may not be effective for every membrane protein and require trial and error testing.

Solubilisation may be avoided for some membrane proteins by digestion directly from

the plasma membrane to release extracellular and intracellular peptides. However, in the

membrane fluid mosaic many other proteins are present and thus produce a complex mixture of

peptides that may mask lower abundant multipass membrane proteins or require special data

interpretation software [107]. This approach does not provide information on hydrophobic

regions on the receptor and is biased towards identifying proteins that are less functionally

complex or hydrophobic. The majority of the membrane proteins reported with this method were

single pass proteins, although some GPCRs were detected with low sequence coverage and

consequently low confidence [107].

1.4.1.2 In-gel digestion

Alternatively, membrane proteins separated by sodium dodecyl sulphate gel

polyacrylamide gel electrophoresis (SDS-PAGE) may be digested in-situ and the peptides

extracted from detergents and other mass spectrometric incompatible reagents for analysis.

Although this method enables one to concentrate the protein to one location for digestion,
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peptide extraction from the gel is not always efficient. Extraction is dependent on the buffers

used and the length and hydrophobicity of the peptides produced. Several groups investigated

method and sample preparation improvements for in-gel digestions specifically for membrane

proteins involving organic solvents [1081 or small amounts of non-ionic detergents [102, 109] for

digested peptide extraction from the gel.

1.4.2 Data acquisition and interpretation:

Mass spectra collected for in-solution or in-gel digested samples for complex samples can

generate tens of thousands of unique peptides that are not all selected for further fragmentation

or analysis. Although most modem mass spectrometers have the capacity to fragment peptide

ions faster than one per second, the complexity of biological samples, either isolated or in

mixtures can be overwhelming. Data acquisition is often information dependent and peptides

that meet threshold intensities at a specific collision induced dissociation (CID) energies are

selected for further downstream fragmentation. As a result of abundance or preferential

ionization, redundant peptides are repeatedly sequenced whilst other segments of the protein or

proteome are ignored. Thus, only a biased set of peptides are detected in a mass spectrum which

may result in the absence or underestimation of particular protein(s) in a simple or complex

sample.

A variety of algorithms have been developed to search MS as well as MS/MS data which

include Mascot, Profinder, ProteinProphet, X!Tandem and SEQUEST for protein identification.

These searches against protein databases such as NCBI, SwissProt, and MSDB are dependent on

available sequence and PTM knowledge for the specific protein under study. Proteins containing

post- translational modifications which are not accounted in existing databases influence protein
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searches and confident identifications. Ironically, in this situation technology is driven as well as

limited by the technology; there is a demand for database population with mass spectrometric

data as well as biochemical post-translational modification data to improve global proteomics.

1.4.3 Proteotypic peptides and annotated peptide libraries

To improve efficiency of protein scoring and identification, platforms have been

developed to integrate frequent experimentally observed peptides and ions for a particular

protein or isoform in annotated databases for more efficient and ordered comparisons based on

proteotypic peptides. Proteotypic peptides are defined as those peptides in a given sample that

are consistently detected or fragmented from a protein in more than 50% of experiments in

which the protein was identified [110]. These experimentally recurring characteristic peptides

are targeted for analysis to improve identification. Proteotypic peptide scoring or searches

provides an added level of confidence for protein identification and maybe extended for protein

quantitative applications. However, for this platform to be effective these annotated libraries

must be populated with experimental findings for each protein.

1.4.4 Targeted approaches

Targeted approaches are employed to specifically hone in on one particular protein such

as disease biomarkers which encompass a variety of GPCRs. One such GPCR is CXCR4 which

is implicated in cancer and AIDS. The ability to observe a given protein in a complex mixture

by mass spectrometry is not controlled unless it is the most abundant protein in the mixture and

thus acquisition parameters need to be refined for targeted detection.
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Multiple reaction monitoring (MRM) is a targeted strategy which chooses a number of

pre-specified precursor ions of a specific mlz value for fragmentation and pre-determined

characteristic fragment ions are monitored for protein identification [111]. In MRM-based, LC

MS/MS experiments, the acquisition parameters are adjusted to collect information for specific

precursor and fragment ion transitions to improve sensitivity, specificity and efficiency of the

detection of important physiological targets in complex mixtures. In order for MRM to be

viable for proteins that are less abundant or more difficult to detect, the specific precursor to

fragment ion transitions need to be pre-determined. One way to collect MRM information is to

employ reductive approaches which require established expression and enrichment methods for

MS/MS sequencing and characterization of the given protein, especially if the protein is not

readily available from natural sources.

Specific data obtained by hypothesis-driven reductive approaches provide a basis for

targeted global studies for improved biomarker detection of disease conditions.

1.4.5 GPCRs as biomarkers in global proteomics

Unusual protein expression profiles typically signify disease and the deregulated protein

involved is often selected as a biomarker traced for diagnostics and treatment. As discussed in

the previous sections, GPCRs mediate many cellular processes and thus tight functional control

of these receptors is essential for normal physiology as well as therapeutic impact in GPCR

related diseases.

GPCRs are implicated in a broad spectrum of diseases and are important biomarkers

which potentially can be traced by antibody-based or mass spectrometric approaches. However,

antibody-based methods are contingent on the reagents available for the protein under study.
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Global mass spectrometric approaches are powerful for tracking diagnostic protein markers in

human tissues. As separation methods, detection sensitivity and bioinformatics for global

proteomic analyses improve, mass spectrometry will assume a more central role in clinical

research.

1.4.5.1 Antibody-based biomarker identification

It is reported that only 35 % of antibodies on the market are effective for the studied

target [45] and consequently result in underestimations of proteins in expression profiling. This

is evident for anti-GPCR antibodies such as CXCR4 which is antigenically heterogenous [67].

Thus, antibodies that are generated to non-variable antigens are well sought after. In response to

this, there have been strategies such as the protein atlas (www.proteinatlas.org) established by

Matthias Uhlen’s group to generate a consolidated repository of universal validated antibodies

for antibody based proteomics.

1.4.5.2 Label free biomarker identification

Shotgun approaches are one way of discovering novel biomarkers. This approach

attempts to identify as many proteins as possible which involve trypsin digestion or other

proteases [110], reversed phase separation and mass spectrometry. Prospective biomarkers are

identified by comparative analysis of proteins identified in different physiological states.

Expression levels and degrees of post-translational modification are compared between different

sample conditions.

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)-based methods

examining expression changes and PTM have also been described which involve densitometry

and specialized detection reagents. Differences visualized on the gel are then confirmed by

23



mass spectrometry to identify the potential biomarker. This method is particularly useful for

soluble proteins but not well-suited for membrane proteins [113].

1.4.5.3 Biomarker validation

Biomarkers selected from global proteomic analyses are conditional on physiological

verification. Determining the significance of expression change is a challenge for biomarker

discovery. Biological validation often follows a trial and error approach. The candidate protein

may be selected for subsequent validation based on the reagents available for further analysis (ie:

antibodies) and the quality of the tandem mass spectra.

Conversely, potential biomarkers may be identified by alternate biochemical approaches

or be based on prior knowledge for global proteomic analysis, in which case mass spectrometric

detection parameters for complex mixture can be refined for improved detection and analysis.

For the latter, clinical proteomics is dependent on existing information in database to guide more

targeted mass spectrometric approaches.

1.4.6 Quantification

Mass spectrometry is conventionally a sequence-based tool for qualitative analysis of

proteins; however, with the introduction of covalent stable isotopic labeling for proteins referred

to as isotope-coded affinity tag (ICAT), relative protein quantification was made possible [114].

Typical protein quantification methods such as quantitative reverse transcriptase —polymerase

chain reaction (QRT-PCR) indirectly measure mRNA transcripts present in cells and infer

protein concentration whereas mass spectrometric approaches directly examine expressed

proteins.
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Another method for quantification that does not covalently modify the endogenous

biomarker is referred to as absolute quantification (AQUA) [115]. Stable isotopic forms of

known proteotypic peptides for a given protein are spiked into digested protein mixtures for

absolute quantification based on spectral intensity computations. Different stable isotopes are

incorporated in to synthetic biomarker proteotypic peptides are spiked into the complex mixtures

that are under study as an internal standard. Relative intensity differences between the

isotopically labeled peptide and the corresponding peptide derived from the endogenous protein

is used in the absolute quantification. Similarly, challenges observed with accurate protein

scoring with regards to incomplete or inaccurate databases also affect quantitative approaches.

Comprehensive methods to populate databases and annotated repositories would greatly

improve global proteomic studies.

1.5 Thesis objectives

GPCRs are well studied but tertiary structural information for this family of proteins is

under-represented due to intrinsic challenges with expression and purification. In addition to

intrinsic challenges, the lack in consistent reagents and validation, as well as the lack of PTM site

information introduces bottlenecks to the study of GPCRs. We aim to improve the

understanding of GPCRs expressed in less heterologous systems employing front of the line

technologies. We have mainly focussed on human CXCR4, an important GPCR for this

dissertation.

We intend to achieve these goals by:
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1) Devising a general, comprehensive and versatile enrichment approach to characterize

GPCRs expressed in physiological contexts.

2) Improving reagents available for the study of GPCRs for specific protein analysis

a) Generate an effective anti-human CXCR4 monoclonal antibody

b) Develop an antibody screening platform for accurate target probe validation

3) Applying the findings from the previous points to study the structure-function

relationships for SDF-1 and CXCR4 employing novel site-specific crosslinkers and

mass spectrometry.
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Figure 1-1: Diagrammatic representation of a termini orientation of a typical G
protein coupled receptor, adapted from the structure of rhodopsin. © Julie Patricia
Wong, 2008
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Figure 1-2: General diagrammatic representation of GPCR A) ligand binding, B)
activation and C) GTP hydrolysis. © Julie Patricia Wong, 2008.
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RFFESH motif

Figure 1-3: Ribbon diagram of the NMR solution structure for synthetic SDF- 1, key motifs are indicated
with red arrows and yellow bonds represent disulfide bridges. Figure adapted by permission from
Macmillan Publishers Ltd: [EMBO] (Crump et al. 1997 [84]), copyright 1997.
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A) B) C)

Figure 1-4: Diagrammatic representation of the steps involved in photocrosslinking with A) BPA incorporated into
a protein, which upon B) UV irradiation forms a reactive radical intermediate that C) forms a covalent linkage to
neighbouring residues on an interacting protein. The covalent linkage is indicated in red and the rest of the
crosslinker and remaining portions of the ligand analog has been deleted for clarity. R represents phenylalanine and

R1 represents a neighbouring carbon atom on an amino acid side chain. Figure is not drawn to scale. © Julie
Patricia Wong, 2008
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Chapter II: An efficient C-terminal affinity tag for the purification and
comprehensive analysis of membrane proteins-

Application to G protein-coupled receptors and ATP binding cassette
transporters

2.1 Introduction

G-protein coupled receptors (GPCRs) represent the largest class of membrane proteins in

the human genome and are important in the control of fundamental processes such as vision,

olfaction, stress responses as well as nervous system functions. Controlled, coordinated

expression, localization and signaling are essential for normal physiology as malfunction leads to

disease. Due to these critical implications, GPCRs are popular targets for drug discovery.

Although extensive research has been invested in the field, still little is known about the three

dimensional structure of these receptors due to inherent difficulties in protein expression and

purification [1].

GPCRs are difficult to recover in sufficient quantities from natural sources, with the

exception of bovine rhodopsin. To overcome this difficulty, overexpression systems are often

implemented. E. coli and yeast systems are commonly employed to improve GPCR quantity, but

generally do not produce proteins with normal post-translational modifications or folding [2, 3].

Alternatively, low expression levels may be addressed with enrichment approaches such as

affinity purification to concentrate protein to suitable levels for experimental analysis.

A general enrichment strategy for a more comprehensive survey of GPCRs expressed in

physiologically relevant contexts would be beneficial to understanding the receptor of interest as

well as resolve experimental artifacts produced by heterologous expression systems. Affinity

A version of this chapter will be submitted for publication. Co-authors in no particular order: Wong JP, Kast J,
Molday RS, and Reboulle E.
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tags are one such general purification strategy for proteins that cannot be isolated conveniently

via specific intrinsic properties. However, selecting an appropriate affinity purification system

for a membrane protein of interest is not trivial and may require extensive detergent screening

and optimization [4].

Protein enrichment may be combined with sensitive detection techniques such as mass

spectrometry to further improve analysis of low GPCR expression in more physiologically

relevant cellular contexts [5]. Targeted approaches such as Multiple Reaction Monitoring

(MRM) and proteotypic peptide searches [6-9] improve sensitivity through selective detection of

pre-determined signature peptides and fragment ions characteristic for the protein of interest.

However, the applicability of targeted analysis is contingent on the experimental information

available in existing databases and repositories.

Targeted analysis focuses on experimentally established peptide ions, rather than entire

predicted theoretical protein sequences which are often irrelevant and inefficient in the analyses.

For targeted approaches to work at full potential for improved sensitivity and specificity,

repositories must be populated with detailed and accurate peptide as well as associated

fragmentation patterns which are often underrepresented for GPCRs due to challenges associated

with protein hydrophobicity, solubility and enzyme accessibility.

A versatile GPCR enrichment strategy that involves a membrane protein compatible 1D4

affinity tag derived from bovine rhodopsin will be described in this investigation. The 1D4 tag

specific monoclonal antibody (mAb) was mapped to the absolute bovine rhodopsin C-terminal

sequence TETSQVAPA. The 1D4 enrichment strategy is applicable to GPCRs and other

membrane proteins such as ATP binding cassette (ABC) transporters employing one common
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detergent and wash conditions. In this study, CXCR4-1D4, CCR5-1D4, ABCA1-1D4 and

ABCA4-1D4 were enriched for comprehensive mass spectrometric characterization. Enzymatic

combinations for each of the membrane proteins that produce high sequence coverage were

determined. High sequence coverage is critical for confident protein identification in both

hypothesis-driven as well as global analyses.
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2.2 Material and methods

Construction of1D4 tagged receptor constructs and site directed mutagenesis:

Restriction endonuclease recognition sites and the C-terminal 1 D4 tag (TETSQVAPA)

were introduced into the primers used in the polymerase chain reaction (PCR) with wild type

CXCR4 in PCDNA 3.1+ as the template. The PCR reactions were carried out for 35 cycles with

60°C annealing temperature with Pfu polymerase (Fermentas, Glen Bumie, MD), forward and

reverse primer sequences are as follows: cggaattcgccgccatggaggggatcagtatatac and

cgctcgagttaggcaggcgccacttggctggtctctgtgctggagtgaaaacttga, respectively. The 1 D4 sequence is

underlined. The PCR product was ligated into EcoRI and XhoI in the pcDNA 3.0+ multiple

cloning site. The CXCR4 and CCR5 templates used were generous gifts from Dr. Bernhard

Moser (Theodor-Kocher Institute; Bern, Switzerland) and the ABCAI-1D4 and ABCA4-1D4

constructs were generated as previously described [10].

N-linked glycosylation deletion mutants were generated by site directed mutagenesis

following the QuikChange kit (Stratagene; La Jolla, CA) with the CXCR4-1D4 pcDNA 3.0+

construct as the template. The following primers were used to mutate each of the asparagine

residues to alamne: Ni IA (forward primer agtatatacacttcagatgçtacaccgaggaaatgggc) and

Ni 76A (forward primer cccgacttcatctttgccgccgtcagtgaggcagatgac). The sites of NAA are

underlined. The double mutant Ni 1/176A was created by using the N11A construct as a

template and mutating site N 176 with the Ni 76A primers with QuikChange kit.
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Cell culture and transfection:

Human Embryonic Kidney (HEK) 293T cells (ATCC, Manassas, VA) were cultured in

Dulbecco’s modified eagle media (DMEM) (Invitrogen, Carlsbad CA) and 10% fetal bovine

serum (FBS). A confluent 20mm dish of 293T cells were seeded 1 in 10 dilution 12 h prior to

calcium phosphate mediated transfection. CXCR4-1D4/pcDNA 3.0 (20.tg), CCR5-1D4/pcDNA

3.0 (20p.g), ABCA1-1D4/pCEP4 (20ig) or ABCA4-1D4/pCEP4 (2ojig) were transfected into

one 20mm dish of cells. Twelve hours post-transfection the cells were gently rinsed with

phosphate buffered saline (PBS), fresh media was replaced and incubated at 37°C in CO2

overnight before harvest.

Cell lysis:

One 100mm x 20mm dish of transiently tranfected 293T cells was solubilized in lml of

2% Triton X-100 in TBS for lh at 4°C with stirring and lx complete protease inhibitors (Roche,

Mannheim, Germany). Insoluble material and nuclei were pelleted at 200, 000 x g in a TLA.3

Beckman rotor for 1 5mm. The resultant solubilized cells were subjected to affinity purification.

Membranefragmentpreparation:

ABCA1 and ABCA1-1D4 transfected cells were resuspended and washed twice in a 10

mM Tris Buffer pH 7.5 supplemented with 0.5 mM EDTA. Pellets were then resuspended in the

same buffer with protease inhibitors, lysed for lh on ice vortexing occasionally, and

homogenized with a glass homogenizer. This mixture was loaded on top of a gradient made with
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5% sucrose and 60% sucrose in a 20 mM Tris buffer pH 7.4 supplemented in 150 mM NaCl,

1mM MgC12, ImMCaC12 and 0.1 mM EDTA, and centrifuged for 30 mm at 24,000 rpm in a

SW27.1 swinging bucket rotor. Membranes which banded on top of the 60% sucrose fraction

were harvested, washed once and centrifuged for 15 mm at 40,000 rpm. Membranes were then

stored in the same buffer supplemented with protease inhibitors and 10% glycerol at -30°C prior

to solublization.

Membrane fragments prepared from 10 plates, approximately 5x108 transiently

transfected cells, were solubilized in lml of 2% Triton X-1 00/TBS with protease inhibitors for

lh with stirring at 4°C. The insoluble material was removed by centrifugation at 100,000 x g for

10 mm.

Immunopreczpitation and SDS-polyacrylamide gel electrophoresis:

The cell lysate or solubilized sample was added to 50il of 1D4 monoclonal antibody

(mAb) conjugated Sepharose prepared as previously described [11] with complete protease

inhibitors (Roche, Mannheim, Germany) and rotated for ih at 4°C. Beads were washed 10

times with 0.1% Triton X-100/TBS. Tagged receptors were eluted 2 times with lOOiil 0.5mg/mi

1D4 peptide in 0.1% Triton X-100 and one final time with 1% SDS/TBS at room temperature

with shaking. SDS sample loading buffer (1% SDS, 10% glycerol, 0.1M TrisHCl pH 6.8,

bromophenol blue tracking dye) was added to samples and loaded on a 10% SDS polyacrylamide

gel with a 5% stacking gel. Corresponding western blots were performed with these samples on

polyvinylidene fluoride membranes (Millipore, Bedford, MA) for antibody staining with 1D4
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monoclonal antibody and goat anti-mouse IgG JR Dye 680 secondary (LI-COR, Lincoln, NB)

followed by LI-COR Odyssey infrared imaging (Lincoln, NB).

Concavalin A western blotprobing:

Ni 1A CXCR4-1D4, N176A CXCR4-1D4, Ni iIi76A CXCR4-iD4 and CXCR4-iD4

were transferred onto PVDF and analysed by lectin binding with concavalin A (ConA). The

membrane was blocked at 37°C in 5% bovine serum albumin (BSA) in PBS with 0.01% Tween

20 (PBST) and then bound with biotinyl succinylated ComA (Vector Laboratories, Burlingame,

CA) in blocking buffer. After 3 PBST washes, the blot was labeled with streptavidin 680 JR dye

in (LI-COR, Lincoln, NB) in 5% BSA, 0.02% SDS in TBS and visualized on the LI-COR

infrared imager.

In-gel digestion:

Coomassie Blue stained gel bands were washed three times 1 5mm each with 25mM

ammonium bicarbonate/50% acetonitrile followed by reduction with 1.5 mg/mi dithiothreitol

(DTf) at 50°C for 30mm and alkylation with iOmg/ml iodoacetamide (IAA) at room

temperature for 2Omin. Gel bands were rehydrated with 37.5ng/ml sequencing grade trypsin

and/or chymotrypsin (Roche, Mannheim, Germany) with 5-10 mM CaCl2 in 50mM ammonium

bicarbonate (ABC) on ice for 30mm. Excess enzyme was removed and 15j.tl of additional

digestion buffer was added to prevent gel drying during digestion. The gel bands were incubated

at 37°C with shaking at 450 rpm for 18 h. Digests were extracted with 1:1 50mM ammonium
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bicarbonate/acetonitrile and the final extraction was carried out with 1:1 5% formic

acid/acetonitrile. Extracts were pooled and lyophilized to dryness and stored at -80°C until

analysed. For double digests, the initial enzymes or chemicals employed were removed. The

remaining gel band was dried with one volume of acetonitrile and speed vacuum centrifugation

prior to rehydration with the second enzyme and subsequently extracted as described in the

previous.

Cyanogen bromide and trypsin double digestion:

Gel bands were washed, reduced and alkylated as indicated above. The cyanogen

bromide (CNBr) solution was prepared in a chemical fumehood, one crystal of CNBr (Aldrich,

Milwaukee, Wisconsin) was dissolved in 1 OOjtl of 50% TFA. CNBr (20i.d) was used to

rehydrate gel bands which were kept in the dark overnight

LC-MS/MS conditions:

Trypsin-digested peptides were base and then acid extracted from the gel pieces, pooled

and lyophilized. Samples were reconstituted in 6jil of formic acid (FA) and injected onto the

Qstar XL LC/MS/MS (Applied Biosystems, Foster City, CA). A PepMap C18, 3pm particle size

and 100A pore size column from LC packings (Amsterdam, Netherlands) was used for peptide

separation. Solvents B and A contained, 20% acetonitrile (ACN) and 5% ACN, respectively. LC

conditions started at 2% solvent B with a gradient to 60% B over 60 mm, to 95% B at 63 mm

and held for three minutes before returning to 2%B.
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Confocal microscopy:

Transfected monkey COS-7 cells were grown onto polylysine coated cover slips and then

fixed with 4% paraformaldehyde (Fisher; Fair Lawn, New Jersey) for 20 mm at room

temperature. Cells were blocked with normal goat serum and labeled with 1/50 dilution of 1D4

antibody for lh and subsequently labeled with anti-mouse Alexi 488 secondary antibody. The

sections were counter stained for nuclei with 4’, 6-diamidino-2-phenylindole (DAPI).

Calcium Flux assays:

CXCR4 and CXCR4-1D4 ectopically expressed on 300-19 pre-B cells (2xlO6cells)

were harvested and loaded with Fluor-3AM fluorescent dye and kept in the dark at 37°C until

assay. Cells (1 x106) were resuspended in 2.5 ml 25 mM 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (HEPES), 140 mM NaCl, 10 mM glucose, 1.8 mM CaCl2, 1 mM

MgC12 and 3 mM KC1, pH 7.3. Cells were stirred in a Horiba Jobin FL3-22 TAU (Edison, New

Jersey) spectrofluorimeter at 506 nM excitation and 526 nM emission wavelength. After

approximately 20 s baseline stabilization 1 OOnM SDF- 1 was added to the cells and resultant

fluorescence emission and calcium flux was recorded for 60 s time-based acquisition.

ABCA4 and ABCA4-1D4 reconstitution ofproteins in liposomes:

The lipids used for liposome formation were reconstituted in 25 mM HEPES pH 7.5, 140

mM NaC1, 3 mM MgC12 and 10% glycerol. The mixture was sonicated for 1 5mm at room

temperature. The lipid stock (9 i1) was mixed with 15% n-octylglucoside (6 tl) and purified
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ABCA4 or ABCA4-1D4 (100 ui) by slow addition. The resultant mixture was incubated 30 mm

on ice. The detergent was removed from this mixture by passing through equilibrated Extracti

gel D resin (Pierce, Rockford, IL) and the flow through was collected. The reconstitution buffer

consisted of 25 mM HEPES pH 7.5, 140 mM NaCl, 10% glycerol, 3 mM MgC12, 1 mM EDTA

and 1mM DTT.

ATPase assays:

ATPase assays were performed in triplicate for each point determination using purified

protein reconstituted into liposomes. The reaction was initiated with the addition of 1 j.tl of a

mixture of 0.5 mM ATP, 5-10 pCi [a32P]-ATP in reconstitution buffer to the prepared liposomes

and incubated at 37°C for 30 mm. An aliquot of each reaction mixture was collected after 0, 5,

10, 20 and 30 mm and spotted on polyethyleneimine cellulose (Aldrich, Milwaukee, WI). The

hydrolysed ATP was separated from the unhydrolysed ATP by thin layer chromatography (TLC)

in 0.5 M LiCl/ 1 M formic acid. The TLC plate was air dried and exposed to a phosphor screen

for 3h. The ABCA4 or ABCA4-1D4 content of the liposomes was assessed by Coomassie Blue

gel and densitometry.

2.3 Results

C-terminally tagged receptors express and demonstrate accurate cellular localization:

COS-7 cells were transiently transfected with the CXCR4-1D4, CCR5-1D4, ABCA1-

1D4 and ABCA4-1D4 constructs and labeled for confocal microscopy to visualize receptor

expression and localization. CXCR4-1D4, CCR5-1D4 and ABCA1-lD4 expression was
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observed along the plasma membrane (Figures 2-lA, 2-lB and 2-iC respectively). In contrast

ABCA4-1D4 was observed in vesicles within the cytosolic compartment of the transfected COS

7 cells (Figure 2-iD). Ectopically expressed bovine rhodopsin was used as a positive control for

the 1D4 monoclonal antibody (Figure 2-1E). The identity of each purified receptor was

confinned in independent experiments described in the following sections.

The 1D4 tag does not alter receptorfunction:

To determine the effect of the 1D4 tag on CXCR4 function, murine B300-19 pre-B cells

which are commonly used to study GPCR activity and signal transduction, were transfected with

either the CXCR4 or CXCR4-1D4 construct. The cells were loaded with Fluo-3AM calcium

binding fluorescent dye indicator to monitor phospholipase gamma signal transduction and

intracellular calcium mobilization. Receptor activation upon chemokine binding resulted in

increased flourescence signal which is indicative of increased intracellular calcium levels

detected by Fluo-3AM binding. Both CXCR4-1D4 and CXCR4 showed similar fluorescence

signal response times. Maximum fluorescence was observed at 40 s with the addition of 1 OOnM

stromal cell derived factor 1 (SDF- 1) at 18 s for both CXCR4 and CXCR4- 1 D4 (Figure 2-2A, 2-

2B). Addition of SDF- 1 at 18 s to a final concentration of 1 OOnM resulted in 450,000 and

350,000 cps change in fluorescence for CXCR4 and CXCR4-1D4 transfected cells, respectively

(Figure 2-2A, 2- 2B). When the same volume of PBS was introduced at 18 s, baseline

fluorescence was observed at 40 s and beyond (Figure 2-2C, 2-2D).

The activity of ABCA4-1D4 was measured with ATP hydrolysis assays. Both ABCA4

and ABCA41D4 showed a similar increase in the amount of ATP hydrolysed over the 30mm
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period. The activity after 30 mm was 265 ± 3.65 nmol and 248 ± 47.35 nmol ATP/mg purified

protein for ABCA4 and ABCA4-1D4, respectively (Figure 2-3).

The 1D4 affinity achieves high recoveryfor membrane proteins:

The 1D4 tag was used to enrich for CXCR4-1D4 expressed transiently in a human cell

line. The purification was separated on polyacrylamide gel for western blotting, densitometry

and protein recovery determination. Bovine rhodopsin from rod outer segments (ROS) was

employed as a standard. Using one constant buffer and detergent in a standard 1D4 enrichment

protocol applied to different membrane proteins, 50%-60% of receptor was recovered. To

determine the peptide concentration necessary for maximum receptor recovery, the 1 D4 peptide

epitope was titrated for CXCR4-1D4 and ABCA1-1D4 elution from the immunoaffinity column.

Optimum peptide concentration for receptor elution determined from densitometry was 0.25

mg/mi for both CXCR4-1D4 and ABCA1-1D4 (Figure 2-4). At concentrations beyond 0.25

mg/ml, the dose response curve started to plateau while lower concentrations resulted in

significantly reduced receptor recovery (Figure 2-4). Similarly, complete removal of Triton X

100 from the peptide elution also reduced receptor recovery whereas improved receptor yield

was obtained with 0.1% and 0.2% Triton X-100 (Figure 2-5A, 2-5B).

The remaining receptor on the immunoaffinity beads was recovered from a final non

specific elution with 1% (v/v) SDS. From a single purification of 5xl07cells transiently

expressing CXCR4-1D4, approximately 500 ng of protein from peptide elution and another 500

ng from the final SDS elution was recovered, corresponding to approximately 90% total protein

recovery. On average 1000 ± 20 ng and 300 ± 5Ong of CXCR4-1D4 and CCR5-1D4 was

52



recovered from 1 D4 purification of 108 transiently transfected 293T cells, calculated from 3

independent experiments.

The 1D4 tag is specific:

The 1 D4 tagged receptors were effectively separated from other cellular proteins as

shown in the reduction of bands in the peptide eluate relative to the pre-column lane of the whole

cell lysate lane 1 (Figures 2-6(A-E). CXCR4-1D4 was observed as a broad band that extended

from —40-5OkDa and a lower molecular weight band at —30kDa. The identity of these bands was

confirmed by in situ digestion and mass spectrometry as discussed below. Two bands were

isolated for CCR5-1D4, 3 bands for ABCA1-1D4 and 4 bands for ABCA4-1D4 and MS/MS

sequenced.

Mass spectrometry and sequence coverage

Due to the natural abundance of rhodopsin from rod outer segments in bovine eyes,

electrophoresis alone was adequate for separation and subsequent mass spectrometric analysis.

Enriched CXCR4-1D4, CCR5-1D4, ABCA1-1D4 and ABCA4-1D4 were cleaved with different

enzymatic combinations for MS/MS sequencing.

The gel bands indicated by the red arrows were excised for digestion and mass

spectrometry (Figure 2-6). Trypsin digestion of CXCR4, CCR5 and rhodopsin yielded few

peptides: 1, 2 and 3 respectively (Table 2-1). Additional peptides for these GPCRs were

identified with other enzymatic combinations. The greatest number of unique peptides detected
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was from a chymotrypsin/trypsin double digestion for CXCR4 and rhodopsin which yielded 4

and 6 unique peptides, respectively (Table 2-1). CNBr/trypsin digestion yielded 6 unique

peptides for CCR5 (Table 2-1). Unlike the GPCRs, a single tryptic digestion of the ABC

transporters identified 24 and 6 unique peptides for ABCA1 and ABCA4, respectively.

With these enzymatic combinations we were able to achieve the top sequence coverage

and match score in the Global Proteome Machine database (www.thgpm.org) from 101

submitted entries for human CXCR4 with a top score of -142, followed by -42 for the next entry

(data not shown). The scoring represents the logarithm of the probability in which the

identification is a false positive. Thus, a peptide score of -2 has a 1/100 chance of being a false

positive [12]. No entries were available for human CCR5 in the database (data not shown).

CXCR4 post-translational modifications

A peptide of CXCR4 that contained the NX(S/T) consensus sequence for N-linked

glycoylation as determined from computational predictions performed by NetNGlyc 1.0 server

(linked from http://www.expasy.org) was sequenced by tandem mass spectrometry. According

to the prediction software, there are two putative N-linked glycosylation sites at positions ii and

176. While mass spectrometric sequencing of peptide AN176VSEADDRY obtained in a

chymotrypsin and trypsin sequential double digestion (Table 2-1) identified the unmodified

asparagine at position 176, no peptide containing Nil could be observed by mass spectrometry.

To further confirm that failed detection was not due to the absence of the unmodified peptide and

that residue Nil was in fact glycosylated as indicated in previous reports [13, 14], we examined
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these sites of post-translational modification with site-directed mutagenesis as well as western

blotting.

Ni iA, N176A and Ni i/i76A CXCR4-1D4 mutant constructs were transiently

transfected into human 293T cells and analyzed on a western blot probed with RholD4 mAb and

LICOR goat anti-mouse 680 secondary antibody. When position 11 was mutated, the protein

migrated at a lower molecular weight (Figure 2-7A lane 2). Mutation at position 176 did not

change the migration relative to the tagged wild type receptor. The double mutant Ni i/176A

migrated at the same molecular weight as the Nil A mutant (Figure 2-7A, lane 4).

In addition, duplicate lanes of the Ni 1A, N176A and Ni 1/i76A CXCR4-1D4 mutant

samples were run on the same polyacrylamide gel and transferred onto the same polyvinylidene

fluoride (PVDF), probed with succinyl-biotinylated ConA and subsequently streptavidin

68OIRDye (LI-COR) to detect mannose containing sites on CXCR4 (Figure 2-7B). A sharp Con

A positive band migrated at approximately 4OkDa was observed for CXCR4-1D4 and the

N176A mutant corresponding to a similar smaller species band for CXCR4-1D4 detected in the

iD4 probed blot (Fig 2-7B, lanes 1 and 3). However, this band was absent for the Ni iA and the

Ni i/i76A double mutants (Fig 2-7B, lanes 2 and 4).

2.4 Discussion

1D4 enrichment is a general approach for membrane protein characterization and protein
database population:

iD4 affmity enriched CXCR4-1D4, CCR5-iD4, ABCA1-1D4 and ABCA4-1D4

separated on polyacrylamide gel, Coomassie Blue stained gel bands were subjected to in-gel

digestion and mass spectrometric sequencing.
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The mass spectrometer is capable of collecting an overwhelming amount of data and only

a biased fraction of the data is actually selected for subsequent fragmentation in complex

samples. Peptides with specific biophysical properties and peptides of high abundance [7, 15]

are often chosen ignoring other important peptides. These preferential peptides are redundantly

sequenced reducing the acquisition space available for other unique peptides which affects the

accuracy and efficiency of protein identification. However, implementation of targeted approach

such as MRM for biomarker identification will refine acquisition parameters to select specific

peptides for a given biomarker for MS/MS analysis improving detection sensitivity in complex

mixtures. Targeted analysis relies on the previous knowledge of signature fragment ion

information for peptides detected which may be available in annotated peptide libraries. For

these libraries to be effective and efficient for protein searches, they must be populated with

accurate biochemical and mass spectral data. Existing protein libraries are often limited with

membrane protein information due to intrinsic challenges related to protein purification.

However, we have demonstrated that the 1D4 membrane protein enrichment strategy is versatile,

comprehensive and efficient for membrane protein mass spectrometric characterization for

library population.

The short 1D4 sequence is functionally compatible with GPCRs and other membrane proteins:

The 1D4 tag represents the C-terminal 9 amino acids on bovine rhodopsin and is a

suitable choice for studying other GPCRs and other membrane proteins due to structural and

functional similarities which would not likely alter protein localization and function. We have

shown that this approach is applicable to several GPCRs as well as other multi-pass membrane

proteins such as ABC transporters. When the 1D4 sequence is attached onto the C-terminal end
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of CXCR4, CCR5, ABCA1 and ABCA4, localization and functional properties (Figures 2-1, 2-2

and 2-3 respectively) were not perturbed.

CXCR4-1D4, CCR5-1D4 and ABCA1-1D4 demonstrate accurate cellular localization to

the plasma membrane; ABCA4- 1 D4 localized to intracellular vesicles mimicking localization of

ABCA4 to the intracellular discs in the rod outer segments [161 (Figure 2-ic). Moreover,

CXCR4-1D4 stimulation with iOOnM SDF-i induced calcium flux levels that are comparable to

wild type CXCR4 (Figure 2-2A, 2-2B). Both receptors show similar response times to

chemokine addition and the absolute change in fluorescence were both on the order of 400, 000

cps. The variation in fluorescence intensity between CXCR4 and CXCR4-iD4 upon SDF-i

addition observed is semi-quantitative and most likely reflects the quantity of receptors

expressed in the cell line which is subject to differences in expression levels and transfection

efficiency. To ensure that the fluorescence response observed upon SDF- 1 introduction were the

result of SDF-i binding and CXCR4 signal transduction, equivalent volumes of PBS were added

to the cells and no change in fluorescence and thus activity was observed. Similarly the iD4 tag

does not affect the ATPase activity of a representative ABC transporter, ABCA4.

Enrichment specflcity and sensitivity of approach enables analysis of receptors expressed in
physiologically relevant contexts:

Functional expression of the membrane receptors is important for accurate downstream

mass spectrometric analyses. GPCRs display low endogenous expression and solubility often

depends on the functional complexity of the protein of interest. Receptor isolation is also

complicated by heterogeneous glycosylation on the cell surface. The specificity of the iD4
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approach effectively enriches for the tagged receptor of interest for sensitive detection by mass

spectrometry.

We have optimized the enrichment procedure for one common detergent including the

wash conditions and have acquired Coomassie Blue stained levels for all of the receptors purified

from as little as one dish or approximately 5x107 human 293T transiently transfected cells. The

high level of protein enrichment achieved with our purification is attributed to the specificity and

mild elution conditions. Mild elution conditions minimize receptor loss through protein

precipitation and aggregation which may occur with heating or lowering pH. Peptide

competitive elution is specific, gentle and non-denaturing, reducing non-specific protein and

antibody leaching from the affinity column.

MS data acquisition for low quantities of the protein of interest is compromised by

abundant proteins such as cytokeratins and external keratins introduced during sample

preparation. In addition, other contaminating proteins suppress peptide signals for the protein of

interest and affect identification. The specificity of our purification strategy has enabled us to

take advantage of the full potential of mass spectrometry. CXCR4-1D4, CCR5-1D4, ABCA1-

1D4 and ABCA4-1D4 were MS/MS sequenced with similar sequence coverage to highly

abundant bovine rhodopsin which is virtually pure in bovine rod outer segments (Table 2-1) [17].

Peptide elution is specific and efficient. From a single bed volume of peptide epitope solution

approximately 50% of the tagged receptor is recovered at room temperature, repeated elution

recovers an additional 40% of the remaining receptor.
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Mapping receptorpost-translational modfIcations:

Specific enrichment of diluted receptors expressed in physiologically relevant contexts

for GPCRs or natural sources to experimentally feasible concentrations is advantageous for

further biochemical analysis. Heterologous expression systems are commonly employed to

improve protein levels but accurate protein folding, post-translational modifications and function

may not be possible in foreign host systems. Comprehensive analysis of post-translational

modifications for mammalian receptors expressed in a mammalian system are important for

resolving artifacts observed from heterologous expression as well as for subsequent MS mapping

and targeted disease profiling in clinical proteomic applications.

Thorough mass spectrometric sequence coverage and efficient protein identification for

rhodopsin was only made possible from prior knowledge of the PTM sites [18-20] and has been

since included in existing databases. We have selected human CXCR4 as our model GPCR for

detailed post-translational modification characterization because of disease implications such as

AIDS and cancer metastasis. The specific isoforms that are involved in these various diseases

are not well understood. CXCR4 as a biomarker for disease diagnosis or profiling is not possible

unless the corresponding PTMs on the receptor are characterized in the healthy and disease

conditions for accurate protein identification and relative quantification.

We have observed from tandem mass spectrometry, site-directed mutagenesis and lectin

binding that Nil was the only N-linked glycosylated site on CXCR4. Mutation on Ni76 does

not affect the migration size as detected on a iD4 western blot and ConA binding on the

N176A!CXCR4-1D4 mutant indicating that only position 11 is N-linked glycosylated (Figure 2-
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7). This is also consistent with tandem mass spectra observed for a peptide containing

unmodified N176.

CXCR4 heterogeneity relates to differing degrees of glycosylation on Nil and not Ni76

as Nil is likely the only site for N-linked glycosylation. Most GPCRs are predominantly

glycosylated at the second extracellular loop and less often on the N-terminus according to the

GPCR database (http://www.gpcr.org). It is reported that approximately 66% of receptors with

at least one glycosylation occur at extracellular loop (ECL) 2, 14% ECL1 and 20% ECL3 not on

the N-terminal [21]. We observed unmodified N176 in a sequenced peptide which was not

theoretically predicted for CXCR4 as this ECL2 site contains a glycosylation consensus

sequence.

Improving biomarker profiling and targeted approaches:

In silico digestion of the primary sequence of CXCR4 and CCR5 receptor indicates that

several peptides are possible from trypsin digestion for CXCR4 and CCR5; however, a small

proportion of these peptides are experimentally detected. From MS/MS sequencing of the

receptors, we have determined enzymatic combinations that provided several unique peptides for

the enriched receptors. This information was subsequently entered into thegpm annotated

database. We have observed that trypsin, which is commonly used in proteomic studies alone,

did not produce a suitable number of peptides for mass spectrometric identification, especially

for the GPCRs we have studied.

The 1D4 tag has enabled us to comprehensively study the best enzyme combinations for

GPCR MS detection. We have determined enzyme combinations that provide the greatest
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number of peptides that can be sequenced for each of the receptors. Applying this knowledge to

global analyses would improve GPCR biomarker identification by increasing the number of

possible peptides for detection as well as identify proteotypic peptides to target.

This information in turn was used to populate protein information databases to improve protein

identification. To stress this point, we have achieved the top sequence coverage for CXCR4

from 101 entries submitted to thegpm annotated protein database, whereas no entries are

currently available for CCR5. This data was collected on the LC-Qstar instrument, we have also

achieved further sequence coverage on a more sensitive instrument the Fourier Transform ion

cyclotron resonance mass spectrometer.

1D4 enrichmentfor classicalproteomic studies:

The 1 D4 enrichment method outlined opens new avenues not only for the study of PTMs

and filling gaps for membrane proteins in databases for improved protein identification but may

also help identify constant, soluble regions on the receptor for high resolution analysis. As an

affinity tag, the specificity and mild elution conditions for the 1D4 tag may also be applied to

classical proteomic analyses such as novel interacting protein identification for mammalian

receptors expressed in mammalian cells. In addition, understanding the enzyme accessibility for

each of the receptors investigated would also facilitate ligand-receptor or small molecule

receptor MS fingerprinting or footprinting studies.
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Table 2-1: Sequence coverage for membrane proteins employing different enzymatic
combinations for in-gel digestion.

CXCR4 Trypsin 2 7.4% AIVHATNSQRPR
(26/3 52) 309TSAQHALTSVSR322

Chymotrypsin/trypsin 4 16% ‘YLAIVHATNSQRPR’
(55/352) 171TIPDFIFANVSEADDR’83

271QGCEFENTVHK282
307FKTSAQHALTSvSR322

CCR5 Trypsin 1 3% 322CCSIFQQEAPER3
(12/3 52)

CNBr/trypsin 6 21% 49LVILIL1NCKR6°
(75/352) ‘26YLAVVHAVFALK’38

210VJCYSGJLKTLLR223
287THCCINPIIYAFVGEK303
303F1YLLvFFQK314
322CCSIFQQEAPER334

Rhodopsin Trypsin 3 11.5% ‘3YVVCKPMSNFR’47

(40/348) 231EQQQESATTQK245

CNBr/trypsin 3 11% 12oSLVVLAIERUJ5

(38/348) 296TSAVYNPV1YIMMNK31’
325NPLGDDEASTTVSK339

Chymotrypsinltrypsin 6 21% 21SPFEAPQYY3°
(72/348) ‘46RFGENHAIMGVAF’59

228TVKEAAAQQQESATTQ244
276IFTHQGSDFGPIFMTIPAFF294
325NPLGDDEASTTVSK339

Receptor En/\lne(s) Number o Sequenced peptide
of Sequence
unique co\e1iLe

pepti de ( pprtii

ot rL’1dues )
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Figure 2-1: 1 D4 C-teminally tagged receptors express and demonstrate accurate
localization. Confocal microscopy slices of COS-7 cells transiently transfected with
A) CXCR4-1D4, B) CCR5-1D4, C)ABCA1-1D4, D)ABCA4-1D4 and E) rhodopsin.
Cells were fixed with paraformaldehyde and stained with mouse 1D4 mAb, anti-mouse

IgG Alexi 488 (green) and DAPI nuclear staining (blue).
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Figure 2-2: CXCR4-1D4 is functional and induces calcium mobilization upon SDF-1 binding.

Calcium mobilization and PLC-y activation was detected in A) CXCR4 and B) CXCR4-1D4
expressing B300-19 cells loaded with Fluo-3AM calcium indicator fluorescent dye.
Corresponding controls with equivalent volumes of PBS alone were added to C) CXCR4
and D) CXCR4-1D4 cells as a negative control.
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Figure 2-3: Purified ABCA4 (o) and ABCA4-1D4 (.) were reconstituted in brain polar lipid
liposomes for ATPase activity assay. ATPase activity was monitored with the release of radiolabelled
ADP from [a32Pj-ATP over the course of 30 mm at 37oC. The average and standard deviation from
3 experiments are shown.
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Figure 2-4: Determining the optimum 1D4 peptide concentration for 1D4-tagged receptor recoveiy.
Integrated intensities were determined from densitometry measurements of 1D4 probed western blots of
purified A) CXCR4-1D4 and B) ABCA1-1D4 plotted against peptide concentration used for competitive
elution.
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Figure 2-5: Detergent effects on receptor elution recovery. Low concentration of
Triton X-100 was titrated in 0.5mg/mi 1D4 peptide in TBS for competitive elution of
A) CXCR4-1D4 and B) ABCA1-1D4 from 1D4 mAb conjugated Sepharose.
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Figure 2-6: C-terminally taggedlD4 receptors expressed in 293T cells affinity purified
and separated on SDS-PAGE. Immunoblots and coomassie stained gels show receptor
enrichment post immunoaffinity capture and peptide specific elution and a fmal elution with
1 % SDS to recover remaining receptor. Ectopically expressed A) bovine rhodopsin was used
as a control for the purification since rhodopsin was the natural antigen in which the antibody
was raised against. Receptor recovery and expression varies amongst the different receptors
B) CXCR4-1D4, C) CCR5-1D4, ABCA1-1D4 and ABCA4-1D4.
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Figure 2-7: Site of CXCR4 post-translational modification were examined by
site-directed mutagenesis, western blotting and concavalin A labeling. Western
blot ofNllA, N176A and N11/176A CXCR4-1D4 mutants were labeled with
A) anti-1D4 and B) Concavalin.
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Chapter III: A novel rapid screening approach for the generation of effective

anti-G protein-coupled receptor monoclonal antibodies: target-probe
validation

3.1 Introduction

Antibodies are versatile tools for the detection and capture of specific proteins for global

as well as targeted protein analyses. In this post-genome era, there is a growing demand for a

broad scope of high quality antibodies for exploring all proteins in the human proteome.

However, well studied proteins generally have extensive libraries of antibodies recognizing

various epitopes, whereas less well studied proteins lack the tools for further elucidation.

Monoclonal antibodies are a valuable source of consistent and renewable affinity

reagents with high specificity and affinity. The bottleneck for monoclonal antibody production

is not at the animal injection and the hybridoma fusion stage, but rather at the screening or

validation stage.

Initiatives such as the human protein atlas (www.proteinatlas.org) set forth by Mathias

Uhlen’s group is dedicated to collecting and creating a repository of useful antibodies for global

human proteomics. However, universal validation does not exist for most available antibodies

and quality depends on how the investigators generate and assess the probe. It has been reported

that only about 35% of commercial antibodies are effective for the target of interest according to

the protein atlas initiative assessment standards [1]. Human proteome analysis is hampered by

the reagents and validation platforms available. In response to the growing demand for

antibodies, alternative reagents have been developed such as recombinant antibodies, single-

A version of this chapter will be submitted for publication. Co-authors in no particular order Wong JP, Kast J, and
Molday RS.
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chain variable peptide fragments (svFc) [2], affibodies [3] and aptamers [4]. However,

these too are not producible in a high-throughput manner and are subject to validation.

Relatively high throughput platforms have been under development for antibody

screening which are mainly enzyme linked immunosorbant assays (ELISA) and flow cytometry

based [5, 6]. Although ELISA and flow cytometric applications may be interfaced with

relatively high throughput platforms, these assays are one dimensional and select antibodies

based on these specific applications and a multiplexed platform would be desirable to screen for

other applications. Antibodies are generated in response to the lack of accurate affinity reagents

available for detecting or isolating a protein of interest and thus defining an accurate positive

control for the target becomes tricky, especially for proteins such as poorly expressed G protein-

coupled receptors (GPCRs). To address this problem, we have employed a well characterized

membrane protein compatible 1 D4 tag [7] (refer to Chapter II), as a means of detecting a tagged

fusion of the ectopically expressed target protein for subsequent antibody screening.

We are interested in drug discovery targets such as G-protein coupled receptors (GPCR5)

which are a challenging family of proteins to study due to challenges involved in purification.

This is further hampered by the lack of high quality affinity reagents. In particular, we have

investigated the GPCR, CXCR4 which has disease relevance in acquired immune deficiency

syndrome (AIDS) and cancer [8-10]. Several antibodies directed to human CXCR4 are

commercially available but we have noticed limited applicability and specificity. Monoclonal

antibodies directed to CXCR4 that are currently available target the N- terminus and

extracellular loops on the receptor which have been reported to display antigenic and

confonnational heterogeneity [11-13]. The epitopes are variable and depending on the cellular

context and activity of the receptor, most available antibodies recognize only a subset. Thus,
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CXCR4 concentration is generally underestimated in studies that utilize these available

antibodies. In fact, a survey of available antibodies indicates that many available antibodies

recognize conformationally dependent epitopes [14-16]. Antibodies recognizing linear epitopes

are more versatile for proteomic analyses which often require partial or complete protein

denaturation [16].

A standardized method assessing application, specificity and affinity would advance

antibody based proteomics. Here, we propose a simple, rapid validation platform for monoclonal

antibodies raised to membrane proteins involving the 1 D4 affinity tag and in-cell western

detection. As proof-of-principle we have produced a specific monoclonal antibody directed to

human CXCR4 C-terminal region with broad ranging applications.
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3.2 Material and methods
PCR and cloning:

CXCR4-1D4 constructs were cloned as previously described (refer to Chapter II

methods). The C-terminal 45 amino acids and the N-terminus 43 amino acids of human CXCR4

were cloned in frame with the C- terminus of glutathione S-transferase (GST) in the pGEX-4T-1

vector (Amersham, Little Chalfont, Buckinghamshire). The restriction endonuclease sites were

introduced into the primers used for the polymerase chain reaction (PCR) with the CXCR4-

1D4/pcDNA3.0+ as the template. The PCR was carried out for 30cycles at 60°C annealing

temperature with Pfu polymerase (Fermentas, Glen Bumie, MD). The forward and reverse

primers were as follows for the C-terminal construct: cggaattctttaaaacctctgcccag and

cgctcgagttagctggagtgaaaac respectively. The forward and reverse primers employed for the N-

terminal fusion construct are as follows: cggaattcgccgccatggaggggatcagtatatac and

cgctcgagttagggcaggaagattttattg, respectively. The PCR products were ligated into EcoRI and
XhoI sites, in the pGEX-4T-1 vector. Mice were immunized with fusion protein that had been

purified on glutathione-agarose beads (Sigma, Louis, MO)

Expressing andpur5’ing GST-fusion proteins:

A culture (250m1) of N-terminal and C-terminal CXCR4 GST fusion protein constructs

transformed into BL21 cells was grown to 0D600 -‘0.9. Isopropyl -D-l-thiogalactopyranoside

(IPTG) was also added to a final concentration of 0.3mM and the cells were grown for a further

2-3 h. Cells were centrifuged and sonicated for 5 times 30 s pulses.
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Unbroken cells were pelleted and the resultant lysate supernatant was bound onto

glutathione agarose for 2h at 4°C. Beads were washed 5 times in cold phosphate buffered saline

(PBS) and fusion proteins were eluted 6 times with imi aliquots of elution buffer (3mM EDTA,

10mM glutathione in PBS) at 4°C. The absorbance at 280 nM was measured and the samples

were analyzed on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).

Injecting Mice:

GST-C-terminal or GST-N-teminal fusion proteins, 1 0.ig each were diluted in PBS and

mixed 1:1 with TitreMax Gold adjuvant (Sigma, St. Louis, MO). The antigen adjuvant mixture

was injected into 10-12 week old Swiss Webster mice. After 3 weeks, the blood was obtained

and the serum was tested for an immune response by in-cell or western blot screening. Spleens

from selected positive mice were harvested for fusion.

Myeloma and mouse spleen fusions: Hybridoma cell lines were generated as previously

described [17) and screened for specificity to CXCR4 using western blots of purified CXCR4-

1D4 as will be described in the following.

Cell Culture:

Human embryonic kidney (HEK) 293T (American Type Culture Collection, Manassas,

VA) and monkey COS-7 cells (American Type Culture Collection, Manassas, VA) were cultured
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in Dulbecco’s modified eagle medium (DMEM) (Invitrogen, Auckland, NZ) and 10% fetal

bovine serum (FBS) at 37°C and 5% CO2. A confluent 20mm dish of 293T cells were seeded 1

in 10 dilution 12 h prior to calcium phosphate mediate transfection.

In-cell westerns for hybridoma screening applying 1D4 tagged protein positive control:

Approximately 5x107 HEK 293T cells were transfected with 20pg of CXCR4-

1D4/pcDNA3.0+ construct following the calcium phosphate mediated procedure. For one 100 x

20mm dish 1 00il of a 1 M calcium chloride solution was added to a 400.il solution of DNA,

prior to the addition of 500 tl of N,N-bis(2-hydroxy-ethyl)-2-aminoethane-buffered saline at pH

6.96 and incubated at room temperature for 20mm. The DNA mixture was then added to the

cells and incubated at 37°C in a 5% CO2. Media was changed 8 h post transfection and

incubated overnight. The transiently transfected cells were resuspended in fresh media and

evenly split between two 96we11 poly-lysine (Sigma, St. Louis, MO) coated plates and incubated

overnight. The cells were fixed with 4% paraformaldehyde for 20mm and washed with PBS and

blocked with normal goat serum prior to antibody binding. The fixed cells were bound with

hybridoma supernatants or Rho 1D4 primary antibodies and then subsequently with goat anti-

mouse IgG conjugated Alexa 680 IRdye secondary antibody (LI-COR, Lincoln, NB). In-cell

western visualization and densitometry were performed on the LI-COR Odyssey Infrared imager

(Lincoln, NB).
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Secondary Screen, Western blot strips:

Approximately 5x107 HEK 293T cells, transiently transfected with 20.tg of CXCR4-

1D4/pcDNA 3.0 construct via calcium phosphate mediated transfection were harvested and

solubilized in imi 2% Triton X-100 detergent in Tris buffer saline (TBS) with complete protease

inhibitors (Roche, Mannheim, Germany) 24 h post transfection. Insoluble material was spun

down with ultracentrifuge at 100,000 x g force. The lysate was run on 10% SDS-PAGE in wide

wells and transferred onto polyvinylidene fluoride (PVDF) membrane. Lanes containing the

lysate were cut into 2-5 mm strips and probed for CXCR4-1D4 with 1D4 monoclonal antibody

and anti-mouse horse radish peroxidase (HRP) antibody and enhanced chemiluminscence (ECL)

detection.

Determining Antibody Isotype:

Mouse monoclonal antibody isotope was determined with Isostrip kit (Roche, Marmheim,

Germany) as per manufacturer’s protocol.

Immunofluorescence: Transfected Human 293T cells were fixed onto polylysine coated cover

slips with 4% paraformaldehyde (Fisher; Fair Lawn, New Jersey) for 20mm at room

temperature. Cells were blocked with normal goat serum and stained with 1/50 dilution of 1F2

antibody. Anti-mouse Alexi 488 secondary antibody was subsequently used and the nuclei was

stained with 4’, 6-diamidino-2-phenylindole (DAPI).
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Preparing Immunoaffinity matrix:

1F2 monoclonal antibody conjugated beads were made with cyanogen bromide activation

of Sepharose-2B beads (Amersham, Little Chalfont, Buckinghamshire) and 2mg 1F2 antibody

per imi of activated Sepharose concentration. The reaction was stopped with 0.1M glycine

(Sigma, St. Louis, MO) pH 2.5 and the beads were washed with TBS and stored in PBS

containing 0.01% azide at 4°C.

Immunopreciitation:

Approximately 108 Jurkat E6- 1 cells (American type culture collection, ATCC) were

washed with PBS and solubilized in 2% Triton X-100 in Tris buffered saline (TBS). The

solubilized cells were added to 1F2 monoclonal antibody conjugated Sepharose and allowed to

mix and bind for lh at 4°C in the presence of complete protease inhibitors (Roche, Mannheim,

Germany). The beads were washed 10 times with 0.2% Triton X-100 in TBS and CXCR4 was

competitively eluted with one bed volume of 0.5mg/ml 1F2 peptide in 0.2% Triton X-l00 in

TBS for 20mm at room temperature and repeated with an additional bed volume of 1 F2 peptide.

SDS (1%) in TBS was used to remove remaining receptor bound to the beads.

Isolating white blood cells from whole blood:

Mononuclear cells were isolated from 2Oml of peripheral blood by Ficoll density

gradient centrifugation. The recovered cells were resuspended in 90% fetal bovine serum (FBS)

(v/v), 10% dimethyl sulfoxide (DMSO) (v/v) in Roswell Park Memorial Institute (RPM1) media
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and stored in liquid nitrogen, prior to use. The purified PBMCs were provided by Dr. Lenka

Allan, Child and Family Research Institute, UBC.

Mapping epitope:

The 1F2 epitope was mapped using the SPOTS kit (Sigma Genosys, Woodlands, TX)

according to the manufacturer’s protocol. Synthetic peptides (9 amino acids long, 2 amino acid

overlap) spanning the C-terminal 45 amino acids of CXCR4 were coupled to a cellulose

membrane, and their immunoreactivity was probed with subcloned 1F2 primary antibody and

anti-mouse IgG-horse radish peroxidase (HRP) for detection by enhanced chemiluminescence

(ECL).

Sodium dodecyl sufate-polyaciylamide gel electrophoresis (SDS-PAGE) and western blotting:

Samples were run on 10% separating gel with a 5% stacking polyacrylamide gel

following the Laemmli method. The gels were either stained with coommassie brilliant blue or

transferred onto polyvinylidene fluoride (PVDF) (Millipore, Bedford, MA) membranes for

western blot detection and densitometry measurements with a LI-COR Odyssey (Lincoln, NB)

infrared scanner.
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In-gel digestion:

Coomassie Blue stained gel bands were washed three times 1 5mm each with 25mM

ammonium bicarbonate/50% acetonitrile followed by reduction with 1.5 mg/mi dithiothreitol

(DTT) at 50°C for 30mm and alkylation with lOmg/ml iodoacetamide (IAA) at room

temperature for 20mm. Gel bands were rehydrated with 37.5ng/ml sequencing grade trypsin

and/or chymotrypsin (Roche, Mannheim, Germany) with 5-10 mM CaCl2 in 50mM ammonium

bicarbonate (ABC) on ice for 30mm. Excess enzyme was removed and 1 5jil of additional

digestion buffer was added to prevent gel drying during digestion. The gel bands were incubated

at 37°C with shaking at 450 rpm for 18 h. Digests were extracted with 1:1 50mM ammonium

bicarbonate/acetonitrile and the final extraction was carried out with 1:1 5% formic

acid/acetonitrile. Extracts were pooled and lyophilized to dryness and stored at -80°C until

analysed.

LC-MS/ MS conditions:

Tryptically digested peptides were base and then acid extracted from the gel pieces,

pooled and lyophilized. Samples were reconstituted in 6pl of formic acid (FA) and injected onto

the Qstar XL LC/MS/MS (Applied Biosystems, Foster City, CA). A PepMap Cl 8, 3pm particle

size and 1 ooA pore size column from LC packings (Amsterdam, Netherlands) was used for

peptide separation. Solvents B and A were 20% acetonitrile (ACN) and 5% ACN, respectively.

Chromatography conditions started at 2% solvent B with a gradient to 60% B over 60mm, to

95% B at 63mm and held for three minutes before returning to 2%B.
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3.3 Results

GST-fusion protein antigen expression test:

A small scale induction was performed for both the CXCR4-N-terminual and C-terminal

GST fusion protein constructs and an empty vector control to determine whether both fusion

proteins are expressed (Figure 3-lA). A dominant band was observed at approximately 3OkDa

for both the +IPTG lanes for both the C-terminal and N-terminal fusion preparations but absent

in the non-induced lanes (Figure 3-lA, +IPTG lanes). These 3OkDa bands were not observed in

the —1PTG samples. A GST protein was observed at 25kDa in the empty vector control (VC)

lane. A similar band was observed in the +IPTG C-terminal fusion lanes slightly below the

fusion protein band at 25kDa.

GST-fusion protein antigen purfIcation:

A large scale overnight culture was induced with IPTG to generate antigen for

purification and mouse injection. The GST C-terminal protein was observed as a single 3OkDa

band (Figure 3-1 B, eluate lanes 1-6) separated from the rest of the cellular proteins observed in

the precolumn and flowthrough lanes (Figure 3-lB). A smaller band at 25kDa was observed in

Figure 3-lA in all 6 elution lanes. Similarly, a unique band was observed for the GST N

terminal fusion protein at 3 OkDa (Figure 3-1 C, eluate lanes 1-6).

In-cell western detectionfor assessing mouse response and large scale hybridoma screening:

Mouse antibody response and hybridoma screening was tested on the prepared microtitre
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plates employing LI-COR infrared in-cell western detection. The microtitre plates were prepared

in advance for large scale screening. The plates were titrated with 1 D4 monoclonal antibody as a

positive control (Figure 3-2A, wells Al-A3), prior to storage at 4°C with 0.01% sodium azide

before use. Wells A1-A3(Figure 3-2A) inclusive were bound with 1/10, 1/100 and 1/1000

dilution of 1D4 antibody respectively displayed a gradual decrease in integrated intensity from

densitometry measurements in response to decreasing antibody concentration.

The in-cell westerns were also used to assess mouse response to the antigen introduced.

A small sample of mouse serum was collected for in-cell screening three weeks post injection.

Mouse serum that displayed higher than background integrated intensity signals on the in-cell

screen was selected for hybridoma fusion (Figure 3-2B). The mouse serum also tested on

western blot strips for additional verification as will be discussed in the following section. Three

of the six injected mice showed response; however, one mouse injected with the C-terminal GST

fusion protein displayed the highest titre by in-cell western and western blot strip screening was

selected for hybridoma production.

Over 800 hybridomas were produced from the injected mouse and subsequently screened

for specific antibody production by in-cell western. Well H12 on the screening plates was

reserved for a 1 D4 monoclonal antibody positive control. Figure 2C is one representative in-cell

western screening plate out of 9 bound with supernatant transferred directly from hybridomas

grown in a corresponding microtitre plate coordinates. Well F2 which had integrated intensity of

8.4 which was well above background signal was selected for further screening (Figure 3- 2C).
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Secondaiy screen- western blotting on PVDF membrane strzs:

Sixty positive clones were selected from the preliminary screen. These clones were

expanded in 24 well plates and the respective supematants were harvested for testing on narrow

strips of PVDF membrane transferred from CXCR4-1D4 lysate after SDS-PAGE separation.

For each western blot strip screen, a positive control with 1D4 monoclonal antibody was run in

parallel (Figure 3-3B, last ++ labeled strips). CXCR4-1D4 positive control strips detected 2

protein bands near the bottom half of the strip and a larger molecular weight band representing a

dimer. One clone, 1F2 recognized two protein bands in a region similar to the ones observed in

the positive control with similar intensity and location (Figure 3- 3B). Several clones were non

specific and stained the entire strip (Figure 3-3A; strips 1E11, 1D6, 1D4, lB 12) or were blank on

film.

In-cell western detectionfor 1F2 subcloning:

Clone 1F2 was selected for further subcloning and characterization. In the first round of

subcloning approximately 90% (86/96 clones were detected) (Figure 3-4A) of the clones were

positive as compared to positive 1 D4 control (Figure 3 -4A, well H 12). One well was reserved as

a negative control which was only bound with secondary antibody (Figure 3-4A, well G12).

The most intense subclone was subjected to further dilution and subcloning until all wells or

subclones were positive as assessed by in-cell western detection.
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The titre of the subcloned lF2 clone was tested by serial dilution on the in-cell western

(Figure 3-4B, wells C12, D12, E12) and compared against RholD4 mab positive control wells

(Figure 3-4B, F12, G12, H12).

1F2 mAb specflcity:

To confirm that the selected hybridoma specifically recognizes wild type CXCR4

without the 1D4 C-terminal tag, cell lysate from Jurkat E6-l, CXCR4 and CXCR4-1D4 transient

transfectants in HEK 293T cells were separated on polyacrylamide gel and transferred onto

PVDF membrane (Figure 3- 5). 1F2 mAb recognized both the ectopically expressed wild type

CXCR4 and CXCR4-1D4 (Figure 3-5A). A series of bands extending from 40-5OkDa and a

thinner band at 3OkDa was observed for CXCR4 and CXCR4-1D4 on the western blot strip

(Figure 3-5A, lanes 2 and 3). CXCR4-1D4 migrates at a slightly higher molecular weight than

CXCR4 (Figure 3- 5A). IF2mAb also recognizes a band at 5OkDa in Jurkat E6-l lane (Figure

5A). A parallel blot run with the same samples in figure 3-5A was labeled with the 1D4

antibody. Rho 1D4 mAb only recognized CXCR4-1D4 which is observed as a series of 3-4

bands at 40-5OkDa and a smaller band at 3OkDa and nothing in the Jurkat or CXCR4 lysate.

Mapping the lF2mAb epitope.

Nine amino acid long stretches of the CXCR4 C-terminus with 2 amino acid overlap

were synthesized onto a membrane support for antibody epitope mapping (Figure 3-6). The lF2

mAb detects an internal sequence on the C-terminus corresponding to the overlapping sequences
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QHALTSVSR, ALTSVSRGS, TSVSRGSSL and VSRGSSLKI as these peptides were visible on

the film (Figure 3-6A). The two end spots recognized were weaker in intensity and thus were

closer to the regions beyond the epitope. We finalized the epitope sequence as ALTSVSRGS.

The peptide epitope was synthesized with a C-terminus amide cap and tested for specific elution

in immunoaffinity purification.

Testing lF2mAbfor immunoprecipitation application:

The 1 F2 mAb was tested for imniunoprecipitation application on cells transfected with

CXCR4-1D4 or CXCR4. The purifications were run on SDS-PAGE, transferred for western blot

analysis and densitometry. Total receptor concentration was determined from densitometry

measurements of the pre-column sample. The eluate concentrations were also determined by

densitometry and then normalized against total receptor present in the precolumn sample to

calculate percent recovery. Approximately 20% of the receptor is released with peptide

competition as determined from densitometry and 40% is recovered from a final non-specific

elution with 1% SDS (Figure 3-7).

lF2mAbfor endogenous CXCR4 immunoprecipitation and detection:

Endogenous CXCR4 from peripheral blood mononuclear cells (PBMC) and Jurkat E6-1

cells was purified with the 1F2 conjugated Sepharose (Figure 3-8). A single 4OkDa band was

purified from the PBMC (Figure 3-8A) and three bands were recognized from the Jurkat cell line

(Figure 3-8B). Peptide elution releases one band in the PBMC sample but in the Jurkat sample
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only the smallest band in the purification was released with peptide competition. Additional

bands were eluted non-specifically with SDS in the Jurkat cell sample (Figure 3-8B).

Applications-Immunofluorescence:

As determined from the initial in-cell screen, the 1 F2 mAb clone recognizes CXCR4 in

paraformaldehyde fixed cells. We further tested the 1F2 monoclonal antibody for

immunofluorescence applicability. lF2mAb recognizes transfected CXCR4 in HEK 293T cells

as observed by the green staining (Figure 3-9).

Assessing anti-CXCR4 antibody speczjIcily, 1D4 tagged receptorsfor antibody validation:

We have compared the effectiveness of some commercially available polyclonal and

monoclonal antibodies directed against human CXCR4 by western blot analysis. CXCR4-1D4

and an empty vector control cell lysates were run on gels and transferred onto PVDF membranes

for western blotting with various anti-CXCR4 antibodies (Figure 3-10). A positive control blot

probed with 1D4 monoclonal antibody was used to detect CXCR4-1D4 (Figure 3-bA).

Commercial polyclonal anti-huCXCR4 (1-14) IgG antibody fraction generated similar banding

patterns in both vector control and receptor lane, and no band was evident at the theoretical

molecular weight for CXCR4 (Figure 3-lOB). The polyclonal rabbit anti-serum raised against a

chemically synthesized tetox fusion protein of the entire CXCR4 N-terminus showed a —‘5OkDa

band in the receptor transfected lane and not the vector control lane. However, several non

specific bands at higher molecular weight were also detected in the vector control lane (Figure 3-
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bC). The lF2 mAb antibody recognized a broad band —5OkDa that resembles the positive

control blot and extraneous bands were not detected in the vector control lane (Fig 3-1 OD).

3.4 Discussion

A rapid, general large scale screening approach for effective and efficient monoclonal

antibody production for GPCRs was developed. The 1F2 mAb produced and validated by our

rapid in-cell screen, recognizes human CXCR4 C-terminal residues 315-324 and has broad

applications. The linear epitope may be employed for competitive elution from 1F2 mAb

conjugated Sepharose for iminunoaffinity purification. Currently available CXCR4 monoclonal

antibodies are mainly directed to the N-terminal residues and extracellular loops of the receptor

with limited application. These antibodies were characterized and are reported to sample only a

subset of the receptor due to receptor extracellular site conformational and antigenic

heterogeneity [11, 13]. To accurately estimate CXCR4 expression in a particular cell type or

condition, a combination of the available antibodies should be used or a constant region on the

receptor for antibody development needs to be identified and targeted.

Generating GST-fusion proteinsfor immunostimulation:

Short segments of the receptor were selected for expression and antigen target for

antibody production. The entire CXCR4 C- and the N-terminus were selected for mouse

immunostimulation for the generation of an antibody targeted to a linear CXCR4 epitope. To

ensure that the termini of the receptor are expressed as a GST fusion protein, we performed a

small scale crude analysis on SDS-PAGE (Figure 3-1). The C and N-terminals were observed at
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approximately 3OkDa separated on 10% SDS-PAGE which corresponds to 25kDa for the GST

portion plus approximately 4500kDa for the 45 amino acid long terminal CXCR4 peptides. The

smaller band observed at 25kDa for the GST-C-terminal fusion proteins observed in the elution

lanes for Figure 3-lB may be degradation products. Degradation was not observed for the GST

N-terminal and the fusion protein purified as a single band (Figure 3-ic).

1D4 C-terminally tagged human CXCR4for antigen target validation:

From previous work, we have shown that the c-terminal 1D4 tag is a suitable enrichment

method for membrane proteins expressed in mammalian systems (refer to chapter II) [18].

Addition of the 1 D4 tag does not affect receptor expression, localization or function (refer to

chapter II). We have applied this enrichment method for target antigen validation for the

production of monoclonal antibodies directed against our model GPcR, human CXCR4.

The 1D4 tag is specific and consistent in the detection of cxcR4-1D4 the positive

control in the antibody in-cell screens described. Furthermore the tag is also applicable on other

membrane proteins without affecting functional activity as previously shown (refer to chapter II,

pg 50).

In-cell westernsfor rapid large scale hybridoma screening

Employing our 1D4 tagged receptor approach coupled to in-cell western detection, we

were able to select and characterize an effective antibody with broad applications in 3 months.

This approach offers several advantages. Screening is fast, simple, versatile and robust. There is
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a small window of time in which freshly generated hybricloma cell lines are selected and

subcloned. Screening and selection after hybridoma production has to be fairly quick, as delayed

subcloning may result in positive clone loss from dilution of other non-antibody producing or

spurious clones. Although the clones may be maintained or expanded in culture to extend the

time required for hybridoma validation this becomes cumbersome and uneconomical when

hundreds of clones are produced. The 1 D4 tag is applicable to several types of membrane

proteins (refer to Chapter II) and when combined in a microtitre plate format allows for quick

hybridoma screening and subcloning. Hybridoma supernatants from the resultant fusions are

directly transferred into microtitre plates with the same plate coordinates for simplicity.

Moreover, detecting the tag on the receptor serves as a control for ensuring that the prepared

screening plates are consistent from screen to screen. The in-cell screening plates can be stored

with sodium azide at 4°C for as long as one week and thus can be prepared in advance. Sodium

azide preservative in the storage buffer does not affect subsequent detection with the LI-COR

secondary antibody as it would for HRP and ECL detection in traditional western blot

visualization.

In-cell screening follows similar steps as a conventional western blot and only requires

approximately 3-4 h to complete from blocking, primary antibody binding, secondary binding

and washing to complete. Final detection does not require a substrate chemical reaction. The

tested plates are visualized on the LI-COR Odyssey instrument which can scan multiple

microtitre plates at one time.

The Rho 1D4 monoclonal antibody is a constant renewable source for testing the

screening plates. Intensity measurements determined for the in-cell western may be applied to

approximate antibody titre relative to the 1D4 positive control which provides an additional
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parameter for hybridoma selection in the screen due to the large dynamic range capable on the

LI-COR instrument. We have effectively tested 9 microtitre plates, approximately 800 clones in

one evening and we were able to retest a second time to confirm and select positive hybridomas.

We have for the first time generated an anti-human CXCR4 mAb raised against a

recombinant fragment of CXCR4 that recognizes a linear epitope. We have applied the 1 D4 tag

and the in-cell western technology as a platform to screen ensuring that the antibody recognizes

the human receptor as it is expressed in the relevant cellular context.

1F2 mAbfor target validation in various cell types and disease profiling:

1F2 recognizes ectopically and endogenously expressed CXCR4. We have shown that

the antibody is able to isolate the receptor expressed in primary human PBMC, the Jurkat E6-1

T-cell line as well as CXCR4 transfected in HEK 293T cells which was also confirmed by mass

spectrometry. The 1 D4 tagged CXCR4 serves as an initial positive control to select and validate

antibodies based on recognition of physiologically relevant forms of CXCR4.

Our validation platform is effective for the rapid production of versatile and specific

monoclonal antibodies for the study of GPCRs. As proof of principle we have generated the 1F2

mAb that we have shown recognizes endogenous CXCR4 in primary cells. The 1F2 mAb

provides a useful tool for receptor profiling in various CXCR4 implicated diseases such as AIDS

and cancer metastasis.
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Figure 3-1: A N- and C-terminal fusion protein expression test, small scale induction.
Samples were sonicated and separated on SDS-PAGE and Coomassie Blue stained A).
Expressed GST-fusion proteins B) C-terminal and C) N-terminal proteins were purified
on glutathione agarose and eluates were evaluated on SDS-PAGE. A linear amino acid (a.a.)
map showing the position of the transmembrane (TM) segments and termini selected for
CXCR4 termini fusion protein construction is displayed at the top of the figure.
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Figure 3-2: In-cell western detection for hybridoma screening.
Human 293T cells transfected with CXCR4-1D4/pcDNA3. 1+
constructs were grown onto poly-lysine coated 96 well microtitre
plates. A positive control plate A) was used to titrate Rho 1D4
monoclonal antibody at 1/10, 1/100, and 1/1000 dilution (wells
Al -A3 inclusive and respectively). The in-cell westerns were also
used to assess mouse response 3 weeks post injection in plate B)
and hybridoma supernatant was transferred directly from the 96
wel microtitre plate for hybridoma screening in plate C). Well
H12 was reserved for the 1D4 mAb positive control.
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A) B)

Figure 3-3: In-cell western positive hybridomas were selected and further screened
by western blot analysis. CXCR4-1D4 transfected 293T cell lysate was separated on
SDS-PAGE and transferred onto PVDF. Lanes with lysate were divided into 3-5mm
strips for hybridoma screening with an anti-mouse IgG HRP conjugated secondary antibody
and ECL detection. Western blot strips were labelled with supernatant from positive
hybridomas and the Rho 1D4 monoclonal antibody as a positive control, ++.
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Figure 3-4: In-cell western screening for 1F2 mAb subcloning.
One representative screen for A) the tirst round of subcloning and
B) final titre for the supematant harvest from doubly subeloned 1F2
mAb compared to standard Rho 1D4 mAb. Wells C12, D12, E12
correspond to 1F2 concentrations: neat, 1/10 and 1/100 dilution.
Whereas wells F12, G12, H12 correspond to: Rho 1D4 mAb 1/10,
1/100, and 1/1000 dilutions, respectively.
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Figure 3-5: 1F2 and lD4mAb specificity. 1F2 mAb recognizes endogenous
CXCR4 in Jurkat E6- 1 cells and transfected CXCR4 and CXCR4- 1 D4 in HEK
293T cells. Cell lysates were separated on SDS PAGE and transferred onto
PVDF for western blottting with A) 1F2 mAb and B) Rho 1D4 mAb.
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Figure 3-6: 1F2 mAb epitope mapping. Nine amino acid segments
of the C-terminus with 2 amino acid overlap were synthesized following
Fmoc chemistry on a filter paper support. The entire support upon
synthesis completion was blocked, probed with 1F2 mAb and anti-mouse lgG
HRP secondary for ECL detection.
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Figure 3-7: 1F2 mAb for immunoprecipitation. CXCR4
was immunoaffinity purified with 1F2 mAb conjugated
Sepharose and analyzed on SDS-PAGE and western blot.
Receptor recovery was determined by densitometry.
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Figure 3-8: 1F2 mAb immunoprecipitation of endogenous
CXCR4 from A) human peripheral blood mononuclear cells and

B) human Jurkat E6-l cells.
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Figure 3-9: 1F2 mAb for immunofluorescence. HEK 293T cells transiently
transfected with CXCR4 were fixed onto poly-lysine coated cloverslips and fixed
with paraformaldehyde. The coverslips were blocked with normal goat serum,
labelled with 1F2 mAb and anti-mouse Alexi 488 secondary antibody for
immunofluorescence visualization.
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Figure 3-10: Assessing anti-CXCR4 antibody specificity. Western blots of
CXCR4-1D4/pcDNA3.0 and pcDNA3.0 vector control were transiently
transfected into HEK 293T cells and solubilized in Triton X-l00 detergent.
The blots were labelled with primary antibodies A) Rho I D4 mAb, B)
commercial anti-human CXCR4 (1-14) IgG fraction of rabbit serum, C)
polyclonal rabbit serum raised against synthetic tetox N-terminal peptide
and D) in-house anti-CXCR4 C-terminal niAb.
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Chapter IV: Mapping stromal cell derived factor 1 and CXCR4
interactions by photoaffinity crosslinking and tandem mass
spectrometry

4.1 Introduction
G protein-coupled receptors (GPCRs) comprise 60% of drug targets; however, only 2

mammalian GPCRs have solved high resolution structures to date, bovine rhodopsin [1] and the

human beta adrenergic receptor [2, 3]. Intrinsic problems involved with low protein expression,

solubility and structural heterogeneity limit structural analysis.

Unlike other GPCRs, bovine rhodopsin is readily available from natural sources in higher

quantities. However, its structural determination still required two collaborating research groups

to trouble shoot purification and crystallization [1]. Similarly, the recent crystal structure for

human adrenergic receptor was quoted in a Science editorial 2007 breakthroughs as a “tour de

force” [4] taking nearly 20 years to solve and involved protein engineering [2] as well as the

binding of a specific monoclonal antibody [5] to stabilize the dynamic protein at the third

intracellular loop.

As a result of limited three-dimensional structure information, rhodopsin is often

employed as a structural template for modelling other GPCRs in the family even though it is not

always a perfect replacement for structural analysis of the protein of interest. A range of

alternative “low resolution” techniques are necessary for finding complementary information for

GPCR structure-function relationships; including site-directed mutagenesis, spectroscopy,

protein engineering and crosslinking.

A version of this chapter will be submitted for publication. Co-authors in no particular order: Wong JP, Kast 3, and
Molday RS.
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Site-specific photocrosslinkers are employed to capture a snapshot of transient protein

interactions and when incorporated at a specific site on the probe may be employed for binding

site modelling. Photocrosslinkers such as benzoylphenylalanine (BPA), a modified amino acid,

can be directly incorporated into the protein of interest during solid phase synthesis allowing it to

be used to study a number of GPCRs which include the cholecystokinin [6], parathyroid

hormone (PTH) [7] and substance P (NK-1) receptors [8, 9]. Using photoactive ligand probes it

is possible to map receptor interactions expressed in the natural plasma membrane context,

allowing accurate binding site modelling. The sites of contact and covalent linkage are

commonly traced indirectly with digestion and radioisotopic labels; however, we will describe in

this present investigation a method to footprint the contact site by in-gel proteolysis and mass

spectrometry.

CXCR4, an important GPCR implicated in a variety of diseases such as Acquired

Immune Deficiency Syndrome (AIDS) [10], cancerous tumour growth [11] and metastasis [12]

will be the focus of this present work. Previous studies have shown that CXCR4 binds to

Stromal cell Derived Factor 1 (SDF-1), through a proposed two site binding model common to

some other GPCRs [13,14]. The proposed two site binding model was inferred from structure-

function studies with in vitro folded, full length chemokines [14]. A nuclear magnetic resonance

(NMR) solution structure was solved for synthetic SDF-1, identifying two key sites: the

disordered N-terminal region (residues 1-8) which is responsible for triggering signal

transduction and the RFFESH motif (residues 12-17) docking site [14]. Furthermore, the N

terminus has been shown to be functional as an independent entity on SDF-1, but has reduced

binding affinity when the rest of the protein scaffold is absent or interchanged with other

chemokine scaffolds [15]. The C-terminal alpha helical domain on SDF-1 is not directly
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involved in receptor binding as determined from hybrid forms of SDF-1 [14, 16]. N-terminal

residues when combined with other CXC chemokine scaffolds modestly affect receptor binding

and activity [14, 16] suggesting that the SDF-l alpha helical domain is available for

manipulation. Residue Leu-66 at the penultimate position in the C-terminal alpha helix has been

chosen for affinity tag substitution in the SDF-l photoaffinity analogs. Here we study a non-

active analog that binds to resting receptor. The rationale and design of the following work is

illustrated in Figure 4-1 and the sequences for the ligands are outlined in Table 4-1. The

modified ligand is bound to the receptor and photo-activated for covalent linkage to stabilize the

site-specific interaction (Figure 4-1). The contact site is then identified by proteolytically

mapping the interpeptide crosslink site and sequencing the surrounding area to generate a

binding footprint of the interaction. The transmembrane, extracellular and intracellular region

designations referred to in this current work was predicted with the HMMTOP algorithm for

CXCR4 [21,22] (Table 4-2) for this manuscript.

The sits of interaction on SDF-l have been mapped for receptor binding and activation;

however, the site(s) on the corresponding receptor has not yet been determined. Whether two

distinct sites exist for docking and activation of the receptor also remains unconfirmed. In

addition to defining a preliminary footprint of a non-active, photosensitive SDF-1 analog bound

receptor, we have optimized purification and mass spectrometric detection methods that will then

be applied to other site-specific probes for activation site(s) identification.
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4.2 Methods

Ligand synthesis:

SDF-1, SDF-1 BPA3 and SDF-1 BPA5 were synthesized by solid phase synthesis

employing tert-butoxycarbonyl (t-BOC) chemistry on an ABI 430A automated peptide

synthesizer (Applied Biosystems, Foster City, CA), purified by reverse phase high performance

liquid chromatography (HPLC) and subsequently folded. To this end, purified peptides were

dissolved to a final concentration of 1 mg!ml in 1M guanidine, O.1M TRIS and 10% methyl

sulfoxide (Aldrich, Milwaukee, WI) in a sealed container at room temperature overnight in the

dark. Folded peptides were subsequently separated from the non-folded by a second run

through the HPLC.

125j radiolabeling:

SDF-1 was selectively labeled on tyrosine residues employing a sodium iodide protocol

as previously described [14]. SDF-1 (5pg) was combined with lmCi of Na’251 (MP

Biomedicals, Canada) and lactoperoxidase (1kg) (Sigma, St. Louis, MO) in 0.25M sodium

acetate pH6.5 in a final volume of 1 13p.l and incubated at room temperature for 3mm. The

reaction was stopped with an equal volume of saturated tyrosine (Sigma, St. Louis, MO)

solution. The resultant mixture was passed through a pre-packed G-25 Sephadex column

(Pharmacia, Uppsala, Sweden) with gelatin (Biorad, Richmond, CA) as a carrier molecule for

separation of the reacted and non-reacted iodine-125. The labeled fractions were pooled and

stored at 4°C before use.
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Cell Culture.

Murine B300-19 cells expressing CXCR4 (generous gift from Dr. Bernhard Moser,

Theodore-Kocher Institute, Switzerland) were grown and maintained in RPMI 1640 (Gibco,

Auckland, NZ), supplemented with non-essential amino acids, sodium pyruvate (1mM), 3—

mercaptoethanol (0.5jtM), 10% fetal bovine serum, penicillin/streptomycin and selective agent

puromycin (1.5pg/ml) in 5% CO2 at 37°C.

Binding Competition assay:

CXCR4 expressing murine B300-19 (2x106 cells) were bound with 4 nM of‘251-SDF-1 in

the presence of unlabeled ligand at 0-1 iM range in concentration, in 200il Roswell Park

Memorial Institute (RPMI) cell culture media (Gibco, Auckland, NZ), 10mg/mi BSA (Sigma, St.

Louis, MO) and 0.1% sodium azide for 20mm. The cells were separated through a 2:3 mixture

of diacetylphthalate (Sigma, Milwaukee, WI) and dibutylphthalate (Fisher, Fairlawn, NJ) and the

resultant cell pellet was measured on the gamma counter. ‘251-SDF-1 specifically bound to the

cells in the absence of unlabeled competitor was a reference for 100% binding, and all

subsequent measurements were normalized against this value for a percentage value for the

competitive binding curve (Figure 4-2).

Chemotaxis Assays:

Migration of CXCR4 expressing murine B300-19 cells were assessed with disposable 12

well transwell plates (Costar, Coming, NY) with 5jim pore size polycarbonate membranes. The
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chemoattractants, SDF-1 and the analogs were dissolved in HEPES buffered RPMI 1649 (Gibco,

Auckland, NZ) supplemented with 10mg/mi bovine serum albumin (BSA) and added to the

bottom chamber of the transwell system. CXCR4/B300-19 cells were added to the upper

chamber ati 06 cells/well and the system was incubated for 3 h at 37°C in 5% CO2 atmosphere.

Cells migrating to the lower chamber were counted with a hemocytometer and light microscopy.

Calciumflux assays:

CXCR4 transfected murine B300-19 cells (2x106 cells) were loaded with Fluo-3AM

(Molecular Probes, Eugene, OR) and kept in the dark at 37°C until ready to assay. Cells (lx 106)

were resuspended in 2. 5m1 of 25 mM HEPES, 140 mM NaC1, 10mM glucose, 1.8 mM CaC12, 1

mM MgC12 and 3 mM KC1, pH 7 and stirred in a Horiba Jobin FL3-22 TAU (Edison, NJ)

spectrofluorimeter at 506 nM excitation and 526 nM emission wavelength. After approximately

20 s baseline stabilization, lOOnM SDF-1, SDF-1 BPA3 or SDF-1 BPA5 was added to the cells

and resultant fluorescence emission and calcium flux was recorded for 60 s time-based

acquisition. PBS (25.tl) was added at 20 s as a negative control.

Binding and crosslinking:

Transiently transfected HEK 293T cells (5x108 cells) were washed two times with cold

PBS, resuspended in 20m1 cold PBS with 1.tM SDF-l BPA 3 or SDF-1 BPA 5 and mixed for

1 5mm at 4°C. The cells were subsequently pelleted and resuspended in fresh cold PBS (20m1) in

a 10 cm glass petri dish on ice for UV irradiation (UV Stratalinker 1800, Stratagene, La Jolla,
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CA) at 365 mn. The cells were irradiated for 60 mm at 10cm from the UV source on ice. After

irradiation, the cells were washed twice with cold PBS and lysed in lml 2% Triton X-100 with

complete protease inhibitors (Roche, Mamiheim, Germany) for lh at 4°C.

Solubilization and ]D4 affInity purflcation:

The insoluble material and nuclei from the cell solublization was removed by

centrifugation at 200,000x g in a TLA.3 (Beckman, Mississauga, ON) rotor for 1 5mm. The

resulting supernatant was mixed with 5Ojil mouse Rho 1D4 monoclonal antibody (mAb)

conjugated Sepharose for lh at 4°C with complete protease inhibitors (Roche, Mamiheim,

Germany). The flow through was reserved for sodium dodecyl suiphate-polyacrylamide gel

electrophoresis (SDS-PAGE) analysis. The bound Sepharose was washed 10 times with cold

0.2% Triton X-100 in tris buffered saline (TBS) and eluted at room temperature with two

consecutive aliquots of one bed volume of 0.Smg/ml 1D4 peptide in 0.2% Triton X-100/TBS for

20 mm each. The eluates were pooled and subjected to monomeric avidin (Pierce, Rockford,

IL) affinity purification.

Monomeric avidin affinity purflcation:

Monomeric avidin beads were blocked and primed following manufacturer’s protocol

(Pierce, Rockford, IL). The 1D4 eluate was diluted 5 fold with TBS and layered onto 50 t1 of

primed monomeric avidin beads with lx complete protease inhibitors (Roche, Mannheim,

Germany) and mixed for lh at 4°C. The beads were washed lOX with 0.2% Triton X-100 in
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TBS and eluted with two bed volumes of 1% sodium dodecyl sulphate (SDS) in TBS for 10mm

at room temperature. The final eluate was immediately loaded onto 10% SDS-PAGE for further

separation.

SDS-polyacrylamide gel electrophoresis and western blot analysis:

The final eluates were separated on 10% SDS-PAGE with a 5% stacking gel following

the Laemmli method. Gel bands were stained with Coomassie Brilliant blue and a corresponding

western blot was run in parallel to confirm the presence of ligand and receptor in the complex,

prior to identif’ing a region on the gel for excision and in gel digestion. To ensure

electrophoretic migration was consistent, duplicate lanes were run on the same polyacrylamide

gel and transferred onto the same polyvinylidene fluoride (PVDF) membrane. The membrane

was divided into two blots, one for 1D4 labeling and the second for biotin detection. CXCR4-

1D4 was detected with mouse anti-1D4 IgG monoclonal antibody and LI-COR goat anti-mouse

lgG conjugated Alexa 680 infrared (IR) secondary antibody (LI-COR, Lincoln, NB). SDF-1

BPA 5 was detected with streptavidin-IR 680 (LI-COR, Lincoln, NB) or streptavidin conjugated

horse radish peroxidase (HRP) (Sigma, St. Louis, MO) for enhanced chemiluminescence

detection (Amersham, Little Chalfont, Buckinghamshire). Blot visualization and protein

densitometry was performed on the LI-COR Odyssey Infrared imager (Lincoln, NB).
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In-gel digestion:

Excised Coomassie Blue stained protein gel bands were washed with at least 3 volumes

of 25 mM ammonium bicarbonate (ABC) in 50% acetonitrile, shaking until the gel bands were

completely destained. The bands were subsequently reduced with 1.5mg/mi dithiothreitol

(DTT) at 56°C for 30 mm and alkylated with iodoacetamide (10mg/mi) for 20 mm at room

temperature. The gel bands were washed, dried and rehydrated with 0.1 tg sequencing grade

bovine chymotrypsin (Roche, Marmheim, Germany) in 50 mM ABC andl0mM CaCl2 and

incubated at room temperature. The reaction was allowed to proceed for 4 h and subsequently

quenched with acetonitrile to dehydrate and remove chymotrypsin from the gel pieces. The

acetonitrile supematant was pooled with final digested extract for analysis. The gel pieces were

rehydrated with 0.1 .tg of porcine trypsin with 5 mM CaC12 in 50 mM ABC and incubated at

37°C overnight for final digestion. Digests were extracted with 1:1 25mM ABC/ acetonitrile

with water bath sonication at room temperature for 15 mm and a final extraction with 1:1 5%

formic acid/acetonitrile. All extracts were aliquoted into two silicon coated mirocentrifuge tubes

(Axygen, Union City, CA), snap frozen and lyophilized to dryness (3 h).

In-solution protein digestion:

SDF-l (0.25pmol/L) and SDF-1 BPA 5 (0.2Spmol/p.L) in 50mM ABC were thermally

denatured, reduced with 1mM dithiothreitol at 56°C for 1 h and alkylated with 1mM

iodoacetamide at room temperature in the dark for 45mm. Sequencing grade bovine

chymotrypsin (0.5ig) (Roche, Mamtheim, Germany) was added to each sample and the mixture

was incubated at room temperature for 2 h with shaking followed by heat inactivation at 90°C
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and cooling on ice. Sequencing grade porcine trypsin (0.5.tg) (Roche, Mannheim, Germany)

was added to the denatured, reduced and alkylated protein for incubation at 37°C overnight with

shaking. The reaction was quenched with the addition of trifluoroacetic acid (TFA) to a final

concentration of 0.1% v/v.

Mass Spectrometry:

Peptide samples were desalted with C-18 stage tips [18-20]. The desalted samples were

analyzed on a linear ion trap — Fourier Transform Ion Cyclotron Resonance Mass spectrometer

(LTQ-FTICRMS) (ThermoFisher Scientific, Medina, OH) on-line coupled to an Agilent 1100

Series nanoflow HPLC.

Reversed phase chromatography was run on in-house made 150 mm x75pm fused silica

emitters using 3- pm-diameter Reprosil-Pur C-i 8-AQ beads (Dr. Maisch, www.Dr-Maisch.com).

Liquid chromatography gradients were formed with mobile phase A consisting of 0.5% acetic

acid and mobile phase B consisting of 0.5% acetic acid and 80% acetonitrile. Gradients were run

from 6% B to 30% B over 45 mm (flow 0.2 i.tL/min), then from 30% B to 80% B in the next 20

mm, held at 80% B for 10 mm (while increasing the flow rate from 0.2 pL/min to 0.6 jtL/min),

and then dropped to 6% B for another 10 mm to recondition the column.

The LTQ-FT (Linear Ion Trap-FTICR) was set to acquire a MS scan at 25,000 resolution

from 350 to 1500 Th in the FT-ICR cell, followed by selected ion monitoring (SIM) of the top

three peptide ions in each cycle at resolution 50,000 for accurate mass measurement and MS/MS

of these 3 ions in the LTQ (Linear Ion Trap) (minimum intensity 500,000 counts).
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In-solution digested SDF- 1 and SDF- 1 BPA 5 sample was mixed 1:1 with a saturated a

cyano-4-hydroxycinnaminic acid (Sigma, St. Louis, MO) in 1:1 0.1 %TFA and acetonitrile (v/v)

solution and 1 1il was spotted onto a target for analysis on a matrix assisted laser desorption

ionization time-of-flight/time-of-flight (MALDI TOF/TOF) mass spectrometer, the 4700

Proteomics Analyzer (Applied Biosystems, Foster City, CA).

FTICRMS data extraction and database search:

Monoisotopic peak masses and charge states acquired from the FTICR-MS data were

extracted using DTA SuperCharge, part of the MSQuant suite of software

(http://msquant.sourceforge.net). Corrected data was submitted for identification employing the

Mascot (www.matrix science.com) or X! Tandem search engines against the National Center for

Biotechnology Infonirntion (NCBIr_2002071 1) or the Global proteome machine

(www.thegpm.org) protein databases. To maintain data interpretation consistency we used one

version of the NCBfr database for all replicates. MS peptide and MS/MS error tolerance values

were 1 Oppm and 0.5Da, respectively. Up to three missed cleavages were selected in the database

search for the best sequence coverage. The quality of spectra collected for all identified

peptides were also manually inspected.
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4.3 Results

Binding competition assays:

To ensure that BPA group substitution into SDF-1 does not perturb receptor binding,

SDF-1 was iodine -125 labeled on tyrosine residues for binding competition assays. ‘251-SDF-1

was competed against increasing concentrations of SDF- 1, SDF- 1 BPA 3 and SDF- 1 BPA 5

(Figure 4-2). Both SDF-1 BPA 3 and 5 compete with‘251-SDF-1 and have similar binding

dissociation constant (Kj) values approximated at half saturation of 8 nM and 12 nM,

respectively (Figure 4-2, yellow and red trace). The values correspond to approximately 10 nM

which is consistent with the dissociation constant for wild type SDF-1 [15] (Figure 4-2).

Chemotaxis and calcium fluxfunctional assays:

The SDF-1 BPA analogs were further tested for activity by in vitro chemotaxis assays.

Cells expressing CXCR4 were titrated for response to increasing concentrations of SDF-1 as a

positive control (Figure 4-3, blue bars). Maximum cell migration was observed at 10 nM

concentration for SDF-1 with a chemotactic index of 40 and at 30 nM SDF-1 BPA 3 with a

chemotactic index of 37 (Figure 4-3, yellow bars). SDF-1 BPA 5 did not induce cell migration

on CXCR4 over the range of concentrations (Figure 4-3, red bars).

To further confirm this observation, an alternative functional assay to measure CXCR4

calcium mobilization or signal transduction in response to chemokine analog was also

performed. Calcium mobilization was detected with an intracellular fluorescent calcium

indicator that increases in fluorescence intensity when bound to Ca2. Maximum fluorescence

intensity was observed at 500,000 cps when 100 nM SDF-1BPA 3 was introduced at 20s (Figure

116



4-4A). This was consistent with the positive control SDF-l response which also reached a

maximum of 500,000cps (Figure 4-4C). When SDF-l BPA 5 was added after 20s, the overall

fluorescence intensity did not change over the entire 60s scan (Figure 4-4B) and was similar to

the flat trace observed for the negative control (Figure 4-4D).

Nearest neighbour accessibilityfor crosslinking:

To determine whether the crosslinking site introduced onto the ligand could find a nearby

residue in the receptor binding site, a preliminary screen was performed with active and non-

active SDF-1 BPA analogs bound to transiently overexpressed CXCR4-1D4 whole cells in the

presence and absence of UV irradiation. A single band was recognized for both SDF-1BPA 3

and 5 with streptavidin conjugated horse radish peroxidase (HRP) at approximately 54 kDa for

both the peptide and SDS eluates (Figure 4-5A, +UV lanes). In the absence of UV, no biotin

containing protein band could be detected (Figure 4-5B, -UV lanes).

Identfying a crosslinked bandfor digestion and mass spectrometric analysis:

The purified crosslinked protein band was located by western blot detection of both the

tagged ligand and receptor. Several receptor isoforms were observed in the pre-colurnn sample

on the 1D4 probed blot (Figure 4-6A) representing all forms of CXCR4 in the photoactivated

cell lysate. Bands representing the monomer of the receptor were observed as four distinct bands

at 54kDa, 5OkDa, 45kDa and 44kDa. The 5OkDa and 45kDa bands were the most intense and

dominant receptor species in the sample. A larger band at l3OkDa band was also observed in the

pre-column lane (Figure 4-6A). The l3OkDa band was also enriched in the final eluate lane
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(Figure 4-6A) and may be a multimeric form of the receptor. Two 1 D4 positive bands

corresponding to the receptor monomer at 5OkDa and 44kDa were observed in the final eluate.

The 5OkDa band was more intense (Figure 4-6A).

When the duplicate set of sample lanes were probed with streptavidin-680 IR dye, a

predominant band was observed at 54kDa in the blot (Figure 4-6B). Additional bands at 9OkDa

(doublet), 1 3OkDa and at the stacking/separating gel interface as well as at the loading dye front

and l6kDa were observed (Figure 4-6B). The same banding pattern was observed in the 1D4

affinity purification flow through; however the band at 54kDa was fainter as compared to the

pre-column lane suggesting that this streptavidin positive species was depleted by the 1D4

affinity purification. The other higher molecular weight steptavidin positive bands (Figure 4-6B)

were at the same intensity as in the corresponding bands in the pre-column sample (Figure 4-6B)

indicating that these proteins were not depleted by 1D4 affinity purification and thus were not

co-purified with CXCR4-1D4. No bands were observed in the streptavidin Sepharose flow

through lane (Figure 4-6B), but the corresponding lane in the 1D4 blot was positive for unbound

receptor (Figure 4-6A, streptavidin flow through lane). A single band corresponding to the

migration of the dominant band at 54kDa in the pre-column lane was present in the final eluate

lane and was more intense after purification and enrichment (Figure 4-6B).

The single streptavidin positive band in the final eluate (Figure 4-6B) aligned virtually

exactly with the migration of the most intense receptor band observed in the 1D4 blot at 54kDa

and are similar in size in thickness; however, the band in the 1D4 blot is more intense than the

band observed in the streptavidin blot (Figure 4-6A and 4-6B, final eluate lanes).

Densitometry measurements of the streptavidin probed blots determined that approximately 10%

of the receptor was recovered after crosslinking and two rounds of purification.
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The final crosslinked and doubly purified sample was separated on a preparative SDS

polyacrylamide gel and stained with Coomassie Blue. A gel band that corresponded to the

migration position of the Rho 1D4 mAb and streptavidin positive bands at 54kDa observed in

Figures 4-6A and 4-6B was excised for digestion and mass spectrometry (preparative gel not

shown).

The quality of the mass spectra for each of the peptides was evaluated for adequate signal

to noise ratios and isotopic distributions corresponding to the correct charge states and mass

accuracy of at least 1 Oppm for MS data collected. Monoisotopic masses for the peptides

identified and mass to charge values for the doubly and triply charged species are shown in Table

4-3.

SDF-1 and CXCR4-1D4 uncrosslinked control digests:

Control digests of the receptor and ligand alone were performed to determine enzyme

accessibility and peptides that are detectable for the uncrosslinked proteins involved in the

complex. Comparison of the peptides observed between the uncrosslinked (Table 4-4) and

crosslinked (Table 4-5) will be employed to identify a potential receptor footprint.

In-solution chymotrypsinltrypsin double digestion of SDF-1 BPA 5 was analysed on the

MALDI-MS. The N-terminal peptide containing BPA released from the digestion was used to

estimate the mass of the ligand peptide that could possibly crosslink with the corresponding

segment of the receptor released from the complex, assuming that the cleavage site(s) on the

ligand is not blocked after the crosslinking procedure. This assumption is based on previous
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studies in which the SDF-1 N-terminus was extended by an additional glycine residue enhanced

rather than abolish receptor activity suggesting that this region can tolerate this modification as it

is not completely buried within the receptor when bound [11]. The mass of the ligand N-terminal

peptide containing the BPA group was determined and used to predict and calculate the mass of

the crosslinked interpeptide that would be released from the digested complex. The ligand N-

terminal peptide K’PVSBSYR9with a mass of 1087.6Da was observed in the spectra and the

sequence was confirmed by tandem mass spectrometry (Figure 4-8). The resultant ligand

receptor interpeptide crosslink would be composed of a 1087.6 Da mass and the mass of the

corresponding CXCR4 extracellular peptide released from the chymotrypsiriltrypsin digestion.

Two other internal peptides:‘2FFESHVAR2°and28LNTPNCALQIVARL42were also detected

for SDF-1 BPA 5 confirming the sequence and identity of the ligand.

The peptides from each of the CXCR4 extracellular loops 1, 2, and 3 were sequenced on

the FTICR-MS (Figure 4-9A). This peptides sequenced represent 100% of ECL1, 70% of ECL2,

and 70% of ECL3 were sequenced for the unbound CXCR4 digested with chymotrypsinltrypsin

(Table 4-5). Other receptor peptides apart from the extracellular loops included a segment from

the N-terminus that extends into TM1, TM2, TM4, ICL2 and a peptide from the C-terminus

(Figure 4-9A). With this enzymatic combination, we have achieved nearly complete sequence

coverage of the extracellular loops on CXCR4, including peptides that anchor the loops that

extend into the transmembrane regions.
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Receptor peptides recoveredfrom the crosslinked complex:

SDF-1 BPA 5 was bound to CXCR4-1D4 overexpressed transiently in HEK 293T cells

and photoactivated for crosslinking. The resulting crosslinked complexes were isolated by

affinity purification and further separation on SDS-PAGE. The complex was excised from the

gel for digestion and mass spectrometric fingerprinting. Receptor sequence coverage recovered

for the extracellular regions were primarily from ECL2, ECL3 and a small N-terminal pepticle

(Figure 4-9A, red highlighted segments). The proportion of the extracellular loops that were

sequenced was 20% of ECL1, 50% of ECL2 and 70% of ECL3 (Table 4-5).

The C-terminal peptides31°TSAQHALTSVSR322was most frequently identified from the

crosslinked complex, followed by‘10AVHVIYTVN”9from ECL1,‘74ANVSEADDRY184from

ECL2 and then 271QGCEFENTVKHK282 from ECL3 (Figure 4-7). The peptide

36NMFLPTW45representing a segment in the N-terminal just proceeding TM1 was identified in

2 of the 15 replicates. Peptides of the transmembrane helices: TM1, TM4 and TM7 were also

sequenced in 10-30% of the experiments (Figure 4-7).

Comparing crosslinked and unbound receptor sequence coverage:

An analysis of the peptides sequenced from the crosslinked and unbound receptor reveal

overlapping and unique sequence coverage (Table 4-6). Extracellular stretches observed

uniquely for the unbound receptor include: 36IFLPTIY45(C-terminus),

87VITLPFWAVDAVANW’°2(TM4/ECL1), ‘°2YFGNFLCK11°(ECL1),‘84ICDRpYPNDLW’95

(ECL2) and2MILLEIIK272 (ECL3) (Table 4-6). Only a few stretches unique to the crosslinked

receptor were observed, 28FREENANF36 (N-terminus) and 283ISITEALAFF293 (ECL3/TM7)
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(Table 4-6). Peptides sequenced that were common to the unbound and crosslinked receptor

were: 34NK36(C-terminal), “°AVHIYTVN”9 (ECL1),‘66LTIPDFIFANVSEADDR’83

(TM4/ECL2) and271QGCEFENTVHK282(ECL3) (Table 4-6). These peptides are indicative ot

regions on the receptor that are accessible for proteolysis before and after photoactivation.

4.4 Discussion

Previous structure-function work on SDF-1 [14] has provided the basis for the design and

synthesis of site-specific crosslinkers for CXCR4 binding site mapping. An engineered site-

specific SDF-1 crosslinking analog was synthesized and thoroughly characterized. We have

optimized and defined binding, crosslinking and purification conditions for the complex.

Tandem mass spectrometry was applied to footprint the ligand- bound crosslinked complex. A

large proportion of the extracellular loops were sequenced, narrowing down the possible regions

available for interaction with the SDF-1 N-terminus (Figure 4-9). Elimination of these regions

as possible sites for interaction will allow us to focus on other regions that have not been

sequenced in greater detail. Sequencing of the exact site of crosslinking would provide direct

evidence for interaction but are challenged by intrinsic and technical limitations. Identification

and/or data interpretation of the peptide residue(s) involved in the peptide-peptide crosslink is

complicated, as product ions will arise from different peptides derived from the same crosslink

[23].

Despite these obstacles, we were able to generate a preliminary footprint of CXCR4

which was made possible due to the high purity of our purification methods and superior

performance of instrumentation employed.
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SDF-1 N-terminusflexibility allowsforphotocrosslinker substitution:

The strategy was successful due to the flexibility of the SDF-l N-terminal which has

enabled BPA substitution without affecting ligand folding and receptor binding. Amino acid

residues with properties similar to BPA were chosen for substitution (Table 4-1). Both active

and non-active SDF-l BPA analogs with near native binding affinities were generated for these

studies to distinguish between “activating” versus “non-activating” interaction sites on CXCR4.

The inactive analog SDF-1BPA5 was initially employed to identify binding or docking sites.

Binding site residue accessibility andproximityfor photocrosslinking:

We screened the analogs for crosslinking feasibility to ensure that the analogs have

nearby residues available for covalent linkage. The formed complexes were purified by 1D4

affinity chromatography. Receptors that were complexed to the biotin containing ligand were

detected by western blotting and streptavidin-HRP probing. A single band at approximately 54

kDa, was recognized by streptavidin-HRP and enhanced chemiluminescence detection for the

1D4 peptide and SDS eluates for both SDF-1 BPA3 and BPA5 UV activated samples (Figure 4-

5A). This suggests that there is a population of CXCR4-1D4 that co-purifies with SDF-1 BPA3

and BPA5 after 1 D4 affinity purification, denaturation and disulfide bond reduction and SDS

PAGE. The corresponding negative control shows that in the absence of UV, following the same

purification procedures did not recover a protein band at 54kDa (Figure 4-5B, -IJV lanes).

Under these purification conditions the SDF-1 ligand did not purify with CXCR4-1D4, unless

there was UV activation and thus stable covalent linkage (Figure 4-5 A, +UV). This strongly
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suggests that covalent linkage occurred resulting in a band containing both the receptor and

ligand affinity tags at the expected crosslinked complex molecular weight.

High sample purity is requiredfor MS mapping ofthe crosslinked complex:

The stringency of two complementary purifications was necessary for identifying both

CXCR4 and SDF-1 BPA5. We were unable to identify both proteins in the complex in one

affinity purification via either tag (data not shown).

A single band migrating at 54kDa was recognized by Rho 1D4 mAb and streptavidin

after both affinity purification steps (Figure 4-6). Although the 54kDa band in the lD4mAb blot

and the streptavidin blot were of different intensity, the bands displayed similar shape, thickness

and migration suggesting that they are migrating as a single entity rather than two co-migrating

proteins. Differences in intensity between the staining of the final eluate lane in the 1 D4 and

streptaviclin blots may be attributed to epitope masking or anomalous migration patterns due to

non-linear nature of the denatured crosslinked complex. Moreover, differences between

antibody affinity and detection reagents employed for each of the blots also contribute to

intensity variations of the protein bands. Thus, the intensity of the bands is not a reflection of the

binding stoichiometry of the two proteins in complex.

High mass accuracy and duty cyclefor protein identfication:

The LTQ-FT-MS was employed to analyse extracted peptides from the in-gel digested

crossliriked complex for interaction site mapping. Intrinsic heterogeneity of the receptor, mixed
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products from receptor photocrosslinking, as well as the promiscuity of chymotrypsin in in-gel

double digestions may produce an overwhelming number of different peptides for detection.

Fragment mass spectral data acquisition is information dependent and only a certain number of

peptides that meet threshold requirements are selected for sequencing. Complex mixtures of

peptides in a sample may bury lower abundant peptides of interest preventing analysis and

accurate identification of both receptor and ligand in the complex.

We have taken advantage of the high duty cycle and sensitivity of the LTQ-FT-MS to

detect both respective proteins in the crosslinked complex. Both the receptor and ligand were

identified in a single band on the LTQ-FT-MS in 15 independent experiments. The high duty

cycle and the high mass accuracy of the FTICR-MS also increased unique peptide detection.

Twelve unique peptides from CXCR4 in the crosslinked complex were identified.

Inferences madefrom the peptides sequenced

Peptides identified from ECL2 and ECL3 were observed in approximately 50% of the

replicates. The masses observed did not correspond to crosslinking derivatized masses and were

consistently detected in the digested complex. This suggests that these sequences are not directly

involved in covalent bonding to SDF-l BPA5 upon photoactivation. The high frequency

observed and quality of spectra collected for these peptides are an indication that these peptides

were available in reasonable quantity and quality for sequencing. The presence of crosslink

modified species would dilute out the concentration of the non-modified peptides from the

receptor complex preventing data acquisition for these regions, which were selected for MS/MS

analysis.
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From comparison of the sequence coverage in the unbound and crosslinked receptor

indicate that much of the ECL1 and the N-terminus were not recovered from the crosslinkeci

complex, while they were present in the unbound receptor analysis (Figure 4-9, Table 4-6).

Interestingly, the transmembrane segments at TM3 that anchors ECL1 was sequenced.

Moreover, less of ECL3 extending from TM6 was sequenced but more was sequenced at TM7

for the crosslinked complex. This suggests that these sites are accessible for enzymatic cleavage

after crosslinking despite reduced external loop sequence coverage which may be blocked by

ligand binding.

Sequence coverage for ECL3 was the same for both crosslinked and unbound receptor

suggesting that enzymatic accessibility in this region upon crosslinking is not affected. The

decrease in sequence coverage in ECL1 and at a lesser extent ECL2 is an indication that these

sites may be blocked or partially blocked by ligand crosslinking. Peptides were not observed

from ECL1 for the crosslinked receptor but were detectable in the unbound form. These regions

may contain potential interaction sites for SDF- 1 BPA5. Possible mass combinations of the

N-terminal peptide of SDF-1 BPA5 were combined with the masses of the peptides suggested in

the above and searched against experimental data. However, we were unable to find any match

at this time.

Only a small proportion of CXCR4 N-terminus was sequenced in both the crosslinked

(19%) and unbound receptor (16%) which may be attributed to heterogeneity in this region.

Heterogeneous glycosylation at CXCR4 N-terminus complicates identification since the

resulting set of heterogeneous peptide masses are difficult to account for in our calculations as

well as dilution of signal caused by signal splitting. Thus, the sensitivity of detection of the N-

terminus is reduced, as pepticles containing differing degrees of PTM will split signals reducing
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overall signal intensity for that particular region on the receptor. Therefore, the possible

involvement of the N-terminus region requires further investigation with glycosidases to remove

the heterogeneous modification to consolidate the peptides excised from the region. Peptides

detected and sequenced after carbohydrate removal from the complex will eliminate regions on

the receptor N-terminus that are not modified by the crosslinking procedure to further refine the

ligand bound receptor footprint.

Footprinting with the photosensitive probe SDF-l BPA 5 suggest that position 5

potentially may interact with a site in the receptor N-terminus or ECL1 which is possibly

obstructed upon crosslinking preventing mass spectrometric detection. These regions need to be

verified with more specific targeted approaches such multiple reaction monitoring (MRM) and

heavy isotopic and light label at a site that will be excised with the crosslinked interpeptide and

traced by correlation analysis (discussed further in Chapter V).
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Table 4-1: Site-specific photoaffinity crosslinking SDF-1 analog and SDF-1 sequence alignment.
Sites of photocrosslinker, benzoylphenylalanine substitution are represented as B in the above.
Lysine-6-biotin substitution at position 66 is denoted Kb.

residue no. 1 5 10 15 20 30 35 40 45 50 55 60 65 70

SDF—1c KPVSL SYRCP CRETE SHVAR ANVKH TE’N(A LQIVA RLKNEC CRQVC EDPKL KWLQE YLEKA IN

B3U6K,
.

B5L66K, . . .
. B K.
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Table 4-2: Transmembrane protein topology for human CXCR4 predicted with HMMTOP
version 2.0 online software (http://www.enzim.hu/hrnmtop/)[19, 20]. “H” indicates amino acids
predicted in the transmembrane domains, “i” for intracellular domains (upper case “I” represents
the intracellular C-terminal) and “o” for extracellular domains (upper case “0” denotes the
extracellular N-terminal). The top row denoted “seq” represents the primary sequence for human
CXCR4 and “pred” represents the predicted topology for the receptor. Extracellular sequences
from the crossliriked receptor, indicated in blue text were sequenced by tandem mass
spectrometry.

seq MFXI SSIPL.P LLQIYr)NY T40SGDYD EPCF?EZ NNFNRTP 50
pred 0000000000 0000000000 0000000000 000000oooo oooooooooo

seq TI YSI IFL.TG I’.NGLVILV MG1LRSM TD4YRLHLSV ADLLFVITL.P 100
pred 0l1HHHt4HHH HtlHHtiHtltttlti fiji ii iii ii iii iii ifi HHt*(tltft4tlHU

seq FWAVDAVANW YPGNFLCV VIYrVNLYS SVLI LAFISL DRYLAIVHAT 150
pred IitiHIlIlHHooo 0000000000 ØHtIHI1HHMMII HtIHtiIfIitHiti ii ii iii Iii

seq NSQPPRRLLA ERVVWGVWI PALLLT IPDF I FANVSEADD RY ICDRFIPN 200
pred iiiiiiiiii jjHHtIHHHIIII MHHtiHHHHHt4 HHt4tiIf00000 oooooooooo

seq D LWVVVFQFQ HU4VGLI LPG IVILSCYCII ISILSRSH QLRTTV 250
pred 0000000000 Q1IHHHIIHHIH HHtiHMHt1HH Huiiiiiiii iiiiiiiiifl

seq ILILAFFACW LPYYIGISID SFiEIiKQ GCEFENTVHK WISITEALAF 300
pred HHHHIIHHIIHH NHII14H1IHHHO 0000000000 0000000000 00000tiHHHti

seq FHCCLNPI LY AFLGARPR’PS AQHALTSVSR GSS L1I LSIZG RGGHSSVST 350
pred HHNt4IItiIIHHH HHtltlHjjjji iiiiiiiiii 1111111111 1111111111

seq ESSSSFHSS 360

pred 1111111111

129



Table 4-3: Receptor peptides sequenced from SDF-1 BPA5 crosslinked CXCR4-1D4 complex
band in-gel digested with chymotrypsin and trypsin sequentially. Peptides listed were identified
3 or more times from 15 independent experiments in which both proteins were identified in the
same protein band.

Location Sequence Ionoisotopic Iass observed

mass (ui/i)
(cx ii I11C11 (a I)

(Da)

TM4/ECL 2 TIPDFIFANVSEADDR 1921.95 1043.51,
961.98

ECL 2 174ANVSEADDRY1M 1138.48 570.25

ECL 3 2MILLEIIK272 840.57 421.28

ECL 3 271QCEFENTVHK282 1347.59 674.80,

450.20

N-terminal 26FREENANFNK36 1267.59 423.53

C-terminal 309TSAQHALTSVSR3 1256.65 629.33,

419.89
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Table 4-4: Receptor peptides sequenced of unbound CXCR4-1D4 digested in-gel with
chymotrypsin and trypsin sequentially. Peptides compiled in this table were obtained from both
the LC-Qstar and FTICR mass spectrometers.

1’bionoisotopic Iass ol)scre(l
mass (ni/i)

Location (experimental)
Sequence (I)a)

1A ITM2/ECL1 vlll..,PFWAVDAVAI’bI vv 1701.89 845.19

ECL1 ‘°2YFGNFLCK”° 1047.48 520.58

ECL1 “°AVH1YTVN”9 351.20 700.39

TM4/ECL 2 ‘LTIPDFIFANVSEADDR’3 1921.95 1043.51,

961.98

ECL 2 ‘74ANVSEADDRY” 1138.48 570.25

ECL2 ‘‘ICDRFYPNDLW’95 1497.67 749.84

ECL 3 2MILLEIIK272 840.57 421.28

ECL 3 271QCEFENTVHK2 1347.59 674.80,

450.20

N-terminal 34NKTFLPTIY45 1107.63 550.42

C-terminal 309TSAQHALTSVSR3 1256.65 629.33,

419.89
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Table 4-5: Proportion of CXCR4 each extracellular loop sequenced before and after

photocrosslinking

Unbound Crosslinked Location
% Residues % residues
16 7/43 19 8/43 N-terminus

100 14/14 20 3/14 ECL1
70 18/26 50 11/23 ECL2
70 18/26 70 18/26 ECL3
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Table 4-6: Unique and overlapping peptide coverage for the unbound and crosslinked CXCR4-
1D4.

Unbound Crosslinked Overlapping
Sequence location Sequence Location Sequence Location

1FLPTIY45 N-terminus 28FREENANF36 N-terminus NK N-terminus

87VITLPFWAVDAVANW’°2 TM2/ECL1 29SITEALAFF293 ELC3/TM7 “°AVHIYTVN”9 ECL1

‘°2YFGNFLCK”° ECL1 ‘LTIPDFIFANVSEADDR’83 TM4/ECL2
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A) Docking C) Photocrosslinking

D) Proteolytically excising crosslinked peptides

Figure 4-1: Proposed schematic for crosslinking studies to determine docking and activation site(s)
A) represents an SDF-1 analog (green) and receptor (grey) docking. Then enabling B) SDF- 1 N-terminal
binding to the extraceilular loops (exact site is unknown, a random site was chosen for this theoretical
illustration), C) crosslinker photactivation by UV, and covalent linkage to nearest neighbouring residues
and D) punching out the crosslinked peptides with proteases for subsequent mass
spectrometric analysis.
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Figure 4-2: Binding competition curves for binding affinity determination
for SDF-1 BPA3 (yellow), BPA5 (red) and SDF-1 (blue) against 1251-SDF-1 on
CXCR4 transfected B300- 19 cell line. Each data point is an average calculated from
3 replicates.
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Figure 4-3: Chemotaxis activity assays for SDF-l and SDF-l BPA analogs. Disposable
transwell dual-chambered plates were employed to form an artificial chemokine or analog
gradient for cell migration. Cells migrated to the chemokine/analog chambers were innumerated
by light microscopy and a hemocytometer. The chemotactic index was calculated as the ratio of
cells in the lower chamber in the presence over the absence of SDF- 1 (blue), SDF- 1 BPA 3 (yellow)
and SDF- 1 BPA 5 (red) over a concentration range. Standard error was calculated from 4
expenments.
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Figure 4-4: Intracellular calcium mobilization functional assays for SDF-1 and analog
stimulated CXCR4 expressing B300-19 cells. Fluorescence changes were monitored for
cells loaded with calcium indicator Fluor-3AM with the addition ofA) SDF- I BPA3, B)
SDF- 1 BPA5, C) SDF-1 and D) PBS after 18s baseline over 60 scan. This is one
representative experiment of 3 replicates
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Figure 4-5: Preliminary screen for nearest neighbouring CXCR4 residues available for SDF- 1 BPA3
and BPA 5 for photolabelling. After UV activation the complexes conjugated to A) SDF-1 BPA 3 and BPA5
were isolated via the receptor 1 D4 tag and separated on SDS PAGE and then transferred for western blot detection
of the ligand tag. Similar purification and gel separation and membrane detection was performed in B) for the
corresponding +1- UV source controls for SDF-1 BPA5
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Figure 4-6: Cross.Iinking and crosslinked complex purification and verification by
western blot detection. The steps leading to the purification of the photocrosslinked
receptors were separated on SDSPAGE transferred onto membranes for receptor and
ligand detection. For consistency duplicate lanes of the same purified samples were
run on the same gel and separated into two for A) lD4rnAbs and B) streptavidin-680
IR dye probing and LICOR Odyssey detection.

A) 1D4 B) Streptavidin
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Figure 4-7: Frequency of observed peptides from chymotrypsin, trypsin double
digestion of the photocrosslinked complex in 15 replicate experiments in which
both SDF-l and CXCR4 were identified. The red and green columns represent
extracellular or intracellular and transmembrane segments of the receptor, respectively.
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Figure 4-8: MALDT MS/MS spectrum for chymotrypsin, trypsin digested SDF-1
BPA5 N-terminal peptide 1087.6Da. The y-ion series is indicated in red.
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Figure 4-9: Diagrammatic representation of receptor sequence coverage of
crosslinked and unbound receptor. Receptor segments obtained from the
A) unbound receptor is indicated in red, B) photocrosslinked complex in
blue, and C) the overlapping sequence coverage in purple.
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Chapter V: Conclusions and future directions

Inherent and technical challenges undermine the structural analysis of the GPCRs despite

the relevance of this family of receptors in pharmaceuticals. As such, bovine rhodopsin and

human 132 adrenergic receptor are the only two high resolution structures available for

mammalian GPCRs. Classical approaches to improving low expression and solubility for

GPCRs involve painstakingly time consuming, trial-and-error approaches to find suitable

expression and purification systems. In particular, heterologous expression systems that are

adapted to large-scale production have seemingly become a requirement for structural studies;

however, these systems may not be equipped with the transcription, translation and protein

folding machinery for physiologically relevant expression of the receptor studied. Given the

paucity of high resolution structures that are available, we have developed a general, versatile

and robust enrichment method that is applicable to transiently expressed GPCRs as well as ABC

transporters in a mammalian expression system. Enrichment has enabled characterization of a

model GPCR, CXCR4 by sensitive mass spectrometric techniques.

Taking into consideration of artifactual expression possible in heterologous systems,

mammalian GPCRs investigated in this dissertation were maintained in contextually relevant

mammalian expression systems.

5.1 Expression systems tested

A number of mammalian expression systems were investigated to improve receptor

quantities for characterization which include fluorescence activated cell sorting of high

expressing stably transfected cells, a tetracycline inducible CXCR4 cell line and transient
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transfectants (Appendix B). The highest expression was observed for the transient HEK 293T

cell transfectants which were employed for the purification and mass spectrometric

characterization of CXCR4.

5.2 Purification

Purification strategies that involve three-dimensional shape recognition are detergent and

chaotroph sensitive and tend to be applicable to soluble proteins as opposed to hydrophobic

proteins. Purification strategies that can tolerate low levels of detergent such as immunoaffinity

purifications that recognize small linear tags are employed to study membrane proteins.

However, the feasibility of an affinity tag on a receptor requires individual expression and

functional testing. We have examined the 1 D4 affmity tag for the study of membrane proteins.

The 1D4 tag which was derived from a membrane protein, bovine rhodopsin, is suitable for

GPCRs as well as ABC transporters. The specificity of this enrichment has allowed for protein

at as little as subpicomolar quantities of enriched protein to be analysed by mass spectrometry.

Although affinity tags are powerful tools for the purification of proteins that do not have

suitable purification regents, they are not suitable for detection of endogenous protein. GPCRs

are notoriously antigenic and conformationally heterogeneous and thus antibodies raised against

these regions would not detect all receptor present in a sample. Combinations of complementing

antibody are required to ensure that all receptor present is detected.

We have optimized and developed a general purification method for membrane proteins

which was tested on the receptors: CXCR4, CCR5, ABCA1 and ABCA4 described in Chapter II.

The strategy involved a small membrane protein related tag, the 1 D4 tag that is versatile and

specific. With this approach, we determined one constant detergent, wash conditions and elution
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conditions for the purification of all 4 receptors. Receptor purification enabled human receptors

expressed in a human cell line to be characterized including PTM site mapping employing mass

spectrometry. From this analysis of our model GPCR, CXCR4, we have identified a peptide that

contains a consensus sequence for N-linked glycosylation that is not modified. This finding was

atypical to other GPCRs as predicted from homology comparisons.

5.2.1 Anti-CXCR4 antibodies
The most commonly used anti-human CXCR4 monoclonal antibodyl2G5, is one such

antibody that recognizes a heterogeneous epitope on the receptor. 12G5 is a neutralizing

antibody that recognizes the second extracellular loop on CXCR4 and is commonly employed in

flow cytometry and immunofluorescence applications [1] and when used alone may

underestimate CXCR4 concentrations at the cell surface.

Similarly, antibodies raised to the N-terminus of CXCR4 have limited applicability as

they overlook PTMs that are present. We have observed that antibodies raised against the N-

terminus of CXCR4 were either synthetically generated or bacterially expressed without the

relevant PTMs present on the N-terminus (Chapter III). From our mass spectrometric

characterization of CXCR4, we have observed that there is an N-linked glycosylation site at

asparagine 11, which was confirmed with site-directed mutagenesis, Con A labeling (Chapter II)

and PNGase F treatment (data not shown).

In response to the lack of effective affinity reagents for human CXCR4, we have

developed an antibody validation platform that incorporates the 1D4 tag for anti-GPCR

monoclonal antibody screening. Specific isolation of C-terminally tagged CXCR4 enabled not

only comprehensive mass spectrometric fingerprinting but also provided an accurate positive
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control for monoclonal antibody production and screening. We successfully applied the 1D4

affinity purification approach to develop a target-probe validation platform to screen for a

specific broad functioning monoclonal antibody, 1F2 mAb (Chapter III).

5.2.2 Anti-human CXCR4 monoclonal antibody 1F2

We have for the first time developed a specific monoclonal antibody, 1F2 for human

CXCR4 mapped to a linear epitope. The 1F2 mAb has broad applications including,

immunoprecipitation, immunofluorescence and western blotting. When employed in biomarker

profiling for various CXCR4 implicated diseases or conditions, the 1F2 provides a renewable

reagent for disease diagnostics. We have shown that the 1 F2 mAb can recover endogenous

CXCR4 from the Jurkat E6-1 cell line and from primary human PBMCs.

5.2.2.1 1F2 monoclonal antibody future perspectives
We will employ the lF2 mAb to profile and examine CXCR4 expressed in PBMCs

obtained from HIV-1 infected, cancer and warts, hypogammaglobulinemia, immunodeficiency

syndrome patients. The ethical approval certificate for the use of human samples for our future

work is attached in Appendix E.

5.3 Receptor footprinting

We have applied the expression, purification and mass spectrometric detection strategies

that we have optimized to footprint the CXCR4 binding site. SDF- 1 -CXCR4 intermolecular

interactions were examined with synthetic photoaffinity crosslinking analogs of the cognate

ligand as a probe (Chapter IV). Through a comparison of the sequence coverage obtained
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between the complexed and unbound receptor we have narrowed down the possible CXCR4

extracellular sites that are involved in direct interaction with the SDF- 1 N-terminus.

Classical genetic footprinting approaches search for missing nucleotide sequences in a

gene inferred from the absence of PCR products to identify gene function by insertional

mutagenesis under different selection conditions [2]. Similarly footprinting approaches have

been applied to map protein-protein interaction sites. In particular, site-specific BPA crosslinker

is incorporated into the corresponding ligand to probe the receptor being studied. Crosslinking

has proven to be effective for GPCR binding surface mapping [3]. The contact regions between

the ligand and receptor are stabilized by covalent linkage and crosslinked site may be then

determined by digestive mapping [4], radioiolabeling [5] and autoradiography [6], liquid

chromatography [7], UV detection [7] or mass spectrometry [8]. The sites of contact in BPA

crosslinked complexes are generally inferred from mass changes detected by radioisotopic

labeling and autoradiography of digested pieces of the crosslinked complex. There have been

reports of mass spectrometric detection without radioactive labels in some substance P receptor

photocrosslinking studies; however these sites were not sequenced and similarly mass changes

were used to infer sites of contact [9].

Photocrosslinking with BPA is an effective method to develop a preliminary footprint of

GPCRs because of its specificity, stability in water and ambient light, photokinetics, availability

and ease of incorporation into ligands in solid-phase synthesis [3]. We also recognize that there

are limitations to BPA photocrosslinking technology such as low resolution and reactive

preference for methionine [10]. However, the advantages of photocrosslinking mass

spectrometric mapping outweigh the shortcomings. Reactive preference for methionine was not

an issue for CXCR4, as methionine was not present in the extracellular regions of the receptor
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for non-specific crosslinking. Photocrosslinking enables contact region identification between

ligand receptor binding that may be refined with other high resolution techniques. Contact

regions on the parathyroid hormone receptor were identified initially by photocrosslinking for

example and then followed up with further refinement by NMR [ii, 12]. Photocrosslinking is a

powerful technology that can be employed as an initial investigation into ligand-receptor

interactions to identify key contact regions that are targeted for further examination in more

molecular detail. Site-specific photocrosslinking provides the groundwork for rational drug

design.

Although identifying or visualizing the exact crosslinked amino acid residues from

photolabeled complex would be the most direct way of identifying contact regions but remains a

challenge and the strategy for detection depends on the specific question examined. However,

even if the crosslinked peptide was detectable, data interpretation would be complicated because

of the complex product ions produced. Data interpretation is also limited by the quality,

accuracy and completeness of existing protein databases. Two proteomic search engines and

protein databases were required to accurately identify as well as confirm receptor sequence

coverage of the SDF- 1 BPA5-CXCR4- 1 D4 complex.

5.3.2 CXCR4 footprinting future perspectives
We are currently developing more sensitive, specific targeted MS approaches to hone in

on the exact region of contact such as MRM to focus in on the peptides that have not been

sequenced in the receptor, the receptor N-terminus and ECL1 as described in Chapter IV.

Sample heterogeneity will be address by enzymatic removal of the glycosylation on CXCR4

residue Nil after crosslinking to distinguish whether the N-terminus or ECL is involved in
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contacting amino acid 5 on SDF-l BPA5. Glycosidase treatment conditions of Triton X-100

solubilized CXCR4 has been optimized for subsequent complex analysis (data not shown).

Novel strategies for detection of the actual crosslinked site by mass spectrometry to

provide direct contact point determination between CXCR4 and SDF-1 has also been examined.

A stable octa-deuterated isotopic label was incorporated at position 3 for the SDF- 1 BPA analog

for subsequent crosslinked site detection. A 1:1 mixture of the heavy and light photoactive

analogs with equal binding affinities as determined from binding competition experiments were

crosslinked to CXCR4.-1D4 for correlational analysis. A theoretical correlation of 8.O4Da is

used to trace the heavy and light crosslinked species. The identity of the species and

corresponding regions on the receptor and ligand will be determined by manual inspection of

tandem mass spectra if available. Since stable isotopic forms of BPA were not commercially

available and a custom synthesis was not economically feasible, a separate site close to the BPA

site was chosen for stable isotopic label incorporation which was at valine-3. Preliminary data

for the isotopically labelled crosslinked site for correlation analysis is presented in Appendix D.

The rationale for isotopic label placement close to the BPA site in the ligand so that it is

excised together with crosslinked site for mass spectrometric detection. This was confirmed with

control digestions of the ligand alone, both the isotopic label and crosslinker were in the same

peptide with in-solution tryptic as well as sequential chymotrypsin, trypsin digestion. Control

digestions for the ligand and receptor alone, without crosslinking were sequenced by tandem

mass spectrometry to verify primary sequence as well determine expected peptide mass

contributions from each moiety in the final crosslinked complex for the particular digestion

condition.
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Appendix A: Introduction, chemokine nomenclature and synthetic SDF-1
variants

Table A-i: Adapted from Ziotnik and Yosie, Immunity 2000, R&D systems Chemokine
Nomenclature and the International Union of Immunological Societies/World Health
Organization Subcommittee on Chemokine Nomenclature (Journal of Leukocyte Biology,
70:465-466). CXCR7, Balabanian et al. 2005.

Lptn, SCM-i, ATAC XCL1 SCYC1I2 XCRI

SCM-1 XCL2 XCR1

Fractalkine, ABCD-3 CX3CL1 CX3CRI

1-309 CCLI SCYA1 CCR8

MCP-i, MCAF, LDFG, GDCF, TDCF, SMC-CF, EIC1I, TSGS CCL2 SCYA2 CCR2

MIP-la, LD7&L, LD78, GOS19, Pat464 CCL3 SCYA3 CCR1, CCR5

MIP-ii, PAT744, ACT-2, G-26, HC21, H400, MAD-5, LAG-i CCL4 SCYA4 CCRS

RANTES CCL5 SCYA5 CCR1, CCR3, CCRS

? CCL6 SCYA6

MCP-3, NC28, FIC, MARC CCL7 SCYA7 CCR1, CCR2, CCR3

MCP-2, HC-i4 CCL8 SCYA8 CCR3

? CCL9/1O SCYA9 7

Eotaxin CCL1 1 SCYA1 1 CCR3

CCL12 SCYA12 CCR2

MCP-4, Ck1310, NCC-1 CCL13 SCYAI3 CCR2, CCR3

HCC-i, MCIF, Ck131, NCC-2, HCC-3 CCL14 SCYA14 CCR1

MIP-iö, Lkn-i, CC-2, MIP-5, HCC-2, CCF-18, NCC-3 CCL1 5 SCYA1 5 CCR1, CCR3

HCC-4, LEC, ILINK, NCC-4, LEC, LMC, Ck1312 CCL16 SCYA16 CCR1

TARC, Dendrokine, ABCD-2 CCL17 SCYAI7 CCR4, CCR8

PARC, DC-CK1, AMAC-i, MIP-4, Dctactin CCL18 SCYA18

MIP-3, ELC, Exodus-3, Cki1 CCL19 SCYA19 CCR7

MIP-3a, LARC, Exodus-I, Mexikine, 5T38, Ckf34 CCL2O SCYA2O CCR6

6-Ckine, Exodus-2, SLC, TCA4, Ckj39 CCL2I SCYA21 CCR7

MDC, STCP-i, DCtactin , ABCD-1, DC/BCK CCL22 SCYA22 CCR4
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MPIF-1, Ckp-i ULL2S SUYA23 Lulti

Eotaxin-2, MPIF-2, Ck6 CCL24 SCYA24 CCR3

TECK CCL25 SCYA25 CCR

Eotaxin-3 CCL26 SCYA26 CCR3

CTACK CCL27 SCYA27 CCRIO

CCL28 SCYA28 CCR1O?

GROa, MGSA-a, GRO-1, NAP-3 CXCLI SCYBI CXCR2>CXCR1

GRO-p, MGSA-, MIP-2x, GRO-2 CXCL2 SCYB2 CXCR2>CXCR1

MGSA-, MIP-2f3, GRO-3 CXCL3 SCYB3 CXCR2>CXCR1

GRO-y, MGSA-y, MIP-2f3, GRO-3 CXCL3 SCYB3 ?

PFA CXCL4 SCYB4 CXCR2, CXCR1

ENA-78, AMCF-11 CXCLS SCYB5 CXCR2, CXCRI

GCP-2, Ck3 CXCL6 SCYB6 CXCR1, CXCR2

NAP-2, MDCF CXCL7 SCYB7 CXCR2

IL-S. NCF, NAP-i, MDNCF, LUCT, AMCF-1, MONAP CXCLR SCYB8 CXCRI ,CXCR2

MIG CXCL9 SCYB9 CXCR3

IP-lO CXCL1O SCYB1O CXCR3

1-TAC, b-Ri, 11174, IP-9 CXCL1 1 SCYB1 1 CXCR3, CXCR7

SDF-1a41, PBSF, hiRH, TLSROu/, TPAR1 CXCL12 SCYBI2 CXCR4, CXCR7

BLC/BCA-1, CXC-X, BLR1L, Angie CXCL13 SCYB13 CXCR5

BRAK, CXC-X3, Bolekine, NJAC CXCL14 SCYB14

CINC-2-1ike CXCL15 SCYB15

CXCL16 SYB16 CXCR6
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Table A-2: Synthetic SDF-1 analogs, adapted from Crump M et al, EMBO, l997.l6(23):p.6996-
7007; Loetscher P et al, JBC, 1998. 273(35): 22279-83; and Wong et al. (unpublished)

SDF-la 1 1 67
KPVSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKN1’INRQVCIDPKLKWIQEYLEKALN

SDF,1-8 Na KPVSLSYR

SDF, 1-9 1,500 KPVSLSYRC

SDF, 1-9 [aba-91 Na KPV5LSYRAba

SDF, 1-9, dimer 82 KPVSL5YRC1

KPVSL5YRC

SDF, 1-9 IP2GI dimer 290 KGVSLSYRC1

KGVSLSYRC

SDF, 1-17 94 KPVSLSYRCPCRFFESH

N-terminal truncation variants
SDF1 2-67 6 2 67

PVSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKMJNRQVCIDPKLKWIQEYLEKALN
SDF1 3-67 13 VSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNI%JNRQVCIDPKLKWIQEYLEKALN
SDFI 4-67 94 SLSYRCPCRFFE5HVARANVKHLK1LNTPNCALQIVARLKN11NRQVCIDPKLKWIQEYLEKALN
SDF1 5-67 110 LSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKI*INRQVCIDPKLKWIQEYLEKALN

SDF1 6-67 110 SYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN
SDF1 7-67 130 YRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

SDF1 8-67 140 RCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN
SDF19-67 Na CPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

Hybrids

IPIOH1 250 KPVSLSYRCPCN1SNQPVNPRSL EKL1ll1’ASQFCPRVFHATMKKKGEKACLNPLSK.-\1KNLLKAVSKEMSKRSP
IP1OH2 16 KPVSLSYRCPCRFFESHVN PRSLEKLEIIPASQFCPRVEUATMKKKGEKACLNPESKAHKNLLKAVSKEMSKRSP

IP1O Na

GROHI 14 KPVSLSYRCPCLQTLQGIFIPKN IQHLKILNTPNCAQTEVIATLKNGRK ACLNPASPIVKKTJEKMLNSDKSN

GROH2 3 KPVSLSYRCPCRFFESHIFIPKN IQHLKILNTPNCAQTEVIATLKNGRK AC L NPASPIVKKI IEKM LNSDKSN

GRO Na ASVATELRCQCLQTLQGIHPKNIQSVNVKSPGPHCAQTEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN

IL-8H1 Na KPVSLSYRCPC1KTYSKPFHPKFIKELRV[ETPNCANTEHVKLSDGRELCLDPKFNWVQRVVEKFLKRAENS

IL-8H2 Na KPVSLSYRCPCRFFESHFKPKFIKELRVIETPNCANTEIIVKLSDGRELCLDPKENWVQRVVEKFLKRAENS

IL-8 Na SAKELRCQCIKTYSKPFKPKFJKELRVIESGPHCANTEITVKLSDGRELCLDPKENWVQRVVEKFLKRAENS

Single addition or substitution variants
SDF-GIy <1 GKPVSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN
KIR 4 RPVSLSYRCPCRFFESHVARANVKHLKILNTPNCAIQWARLKNNNRQVCIDPKLKWIQEYLEKALN
KlOrn 2 OmPVSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN
P2G 3 KGVSLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN
V31 4 KPISLSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

AQA 3 KPVAQALSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

Y7A 4 KPVSLSARCPCRFFESHVARANVKHLKILNTPNCALQTVARLKNNNRQVCIDPKLKWIQEYLEKALN
Y7H <1 KPV5LSHRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

RXK 5 KPVSLSYKCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN

Novel crosslinking analogs
SDF1Bpa3 3 KPB5LSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKAKhN

SDF1Bpa5 1 KPVSBSYRCPCRFFESHVA]NVKJ{LKILNTPNCALQWARLKNNNRQVCIDPKLKWIQEYLEKAKhN

SDF1Bpa7 1 KPVSLSBRCPCRFFESHVAL4VKJ1LKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKAKhN
SDF1Bpa 13 3 KPVSLSYRCPCRBFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKAKhN
SDF1BpaS, V3DS 1 KPVDXSBSYRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKAKhN
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Figure B-i: Fluorescence activated cell sorting for high CXCR4 expressing stably transfected

Human Embryonic Kidney (HEK) cell line. The cells were stained with neutralizing antibody

12G5 and anti-mouse conjugated fluorescein isothiocyanate (FITC). Flow cytometric analysis of

the A) vector control, B) stable CXCR4 transfection before sorting, C) from sorting, D) after

sorting, and a week of culturing E) show the level of receptor expressed.
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Appendix B: Expression systems
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Figure B-2: Tetracycline inducible HEK cell line for CXCR4 expression. Clones with low
background and high inducible expression were screened and expression levels were compared
against a transient expression. The western blot was probed with Rho 1D4 mAb for the C-
terminal tag, an anti-mouse horse radish peroxidase secondary antibody and enhanced
chemiluminescence detection.
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Figure B-3: Titrating tetracycline concentrations on selected clone for maximal CXCR4 induced
expression. The western blot was probed with Rho 1D4 mAb for the C-terminal tag, an anti
mouse horse radish peroxidase secondary antibody and enhanced chemiluminescence detection.
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Appendix C: Two more active analogs, SDF-1 BPA 7 and SDF-1BPA13
were synthesized and characterized
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Figure C-i: Two additional analogs SDF-1 BPA 7 and SDF-1 BPA 13 were synthesized,
characterized for A) activity and B) binding. For comparison of all synthesized ligands, SDF-1
BPA 3 and SDF-l BPA5 (the analogs that were described in the dissertation) were also included
in the above graphs along with the SDF-1 positive control.
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Appendix D: Stable isotopic labels for locating crosslinking site. A 1:1
mixture of an octadeuterated heavy SDF-1 BPA 5 and SDF-1 BPA 5 for
photocrosslinking and crosslink site tracing by computational correlation
analysis.

Figure D-1: Delta 8 Th correlation analysis on the precursor ion spectra from the FT-ICR mass
spectrometer was converted to text format using an Xcalibur script and pertinent information was
parsed from the file with in-house software for correlation analysis. Positive correlation peaks
selected for further investigation are numbered.

Peak 1 is a delta 1 6Da difference for a doubly charged species and thus is a false positive.
Peak 2 represents an 8 Th correlation for a singly charged species. The extracted ion
chromatogram for the corresponding scan number for the run is shown in Figure Dl. The broad
peak spanning from approximately scan number 0.58 to 0.79 represents random correlations at
the end of the chromatography run when the gradient reaches high organic solvent concentration.
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Figure D-2: Extracted ion chromatogram for the A) 688.39 and B) 696.35 Da singly charged
species identified in the peak 2 of the 8 Th correlation analysis.

The heavier species has a shorter retention time than the lighter species as would be
expected for a deuterated species. Both species elute at relatively similar times and display
similar peak shapes. Closer examination of these peaks, we found that the correlation is only a
7.96 Th difference and not the expected 8.04 Th for an octadeuterated species.
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Appendix E: Ethical approval for the use of human samples

TUBCI The University of British Columbia
‘ Office of Research Services

Clinical Research Ethics Board — Room 210, 828 West 10th Avenue, Vancouver, BC
V5Z 1L8
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THE CURRENT UBC CREB APPROVAL FOR THIS STUDY EXPIRES: February 11., 2009
The UBC Clinical Research Ethics Board Chair or Associate Chair, has reviewed the above
described research project, including associated documentation noted below, and finds the research
project acceptable on ethical grounds for research involving human subjects and hereby grants
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