
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Understanding CXC chemokine receptor 4 activation by CXC chemokine ligand 12

Permalink
https://escholarship.org/uc/item/3zt5h403

Author
Stephens, Bryan Scott

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3zt5h403
https://escholarship.org
http://www.cdlib.org/


  

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Understanding CXC chemokine receptor 4 activation by CXC chemokine ligand 12 

 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree of Doctor of Philosophy  

in 

Biomedical Sciences 

 

by 

 

Bryan S. Stephens 

 

 

Committee in charge: 

 Professor Tracy M. Handel, Chair 
 Professor JoAnn Trejo, co-Chair 
 Professor Marilyn Farquhar 
 Professor William Joiner 

Professor Elizabeth Komives 
 
 

2017 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Bryan S. Stephens, 2017 

All rights reserved 

 



 

 iii 

 

The dissertation of Bryan S. Stephens is approved, 

and it is acceptable in quality and form for publication on  

microfilm and electronically: 

 

 

 

        

 

        

 

        

 

        

         Co-Chair 

        

         Chair 

 

 

University of California, San Diego 

2017 

 



 

 iv 

DEDICATION 

 

I dedicate this work to my mother, Kay Taylor. 

 

 

 



 

 v 

TABLE OF CONTENTS 
 
 

 Signature page……………..……………………………………………….  iii 

 Dedication……………………………………………………..…………… iv 

 Table of Contents………………………………………………………....... v 

 Lists of Figures……………………………………………….………….… ix 

 Lists of Tables…………………………………………………...…….…… xiii 

 Acknowledgements………………………………………………………… xiv 

 Vita……………………………………………………………..……...…… xvi 

 Abstract……………………………………………………..………………xviii 

 

Chapter 1 Introduction…………………………………………….…………. 1 

  Chemokine Signaling in the Immune System and CXCR4….……...2 

  G Protein-Coupled Receptors ……………….……………………...6 

  The Structure and Activation of CXCR4…..…………….…………10 

 

Chapter 2 Chemokine receptor oligomerization and allostery …………….19 

 Introduction……..………………………………………………….. 21 

 Background: chemokine structure and interactions with receptors…22 

  Evidence for Hetero- and Homo-Oligomerization of Chemokine 

Receptors ………………………..……………..…………………...27 

  Functional Effects of Chemokine Receptor Hetero-Oligomerization on 

  Ligand Binding……...………...….....……………………………....39 



 

 vi 

  Effects of Chemokine Hetero- and Homo-Oligomerization on 

Signaling.……………………………………………………………43 

  Heterodimerization of Chemokine Receptors with Nonchemokine 

Receptors……..……………………………………………………..49 

  Other Sources of Allostery in Chemokine Receptor Signaling: 

Chemokine Oligomerization………….……………………………. 51 

  Conclusions and Future Perspectives………………...……………..53 

   

Chapter 3 Stoichiometry and Geometry of the CXC Chemokine Receptor 4 

Complex with CXC Ligand 12: Molecular Modeling and 

Experimental Validation.…………………………………………62 

 Introduction………………………………………………………....63 

 Results…….……………………………………………..………… 65 

 Discussion…………………………………………...………..……. 67 

 Materials and Methods…………..……………………………...….. 69 

 Supporting Information……..……………………………...………. 73 

 

Chapter 4 What Do Structures Tell Us About Chemokine Receptor Function 

and Antagonism?……………………….…..……………………...77 

 Introduction………………………………………………….….….. 79 

 Chemokines: Structure and Biology…………..…………..………...80 



 

 vii 

 The Structural Basis of Chemokine Receptor Interactions with 

Chemokines……..…………..………................................................81 

 Insights into Receptor Activation from Experiments Interpreted in the 

Context of Structures and Models…………………………………..85 

 On the Allostery of Chemokine Receptors…………..………….......88 

 On the Druggability of Chemokine Receptors...................................92 

 Conclusions…....................................................................................94 

 

Chapter 5 Anatomy of the CXC chemokine receptor 4 signaling complex with 

CXCL12...……………………….………………………………… 103 

  Introduction………………………...…...………………………….. 104 

  Materials and Methods…………………..…….....………………...  108 

  Results………...……………...……………………..…...…………. 114 

  Discussion………………………………………………………..… 131 

  Figures and Tables…………………………………………………..146 

 

Chapter 6 Extended speculative discussion and future experimental 

directions…………………………………………………………... 166 

  On the need for cautious interpretation of Ca2+ signaling data in 

chemokine receptor research, and the value of relatively direct 

measurements of receptor activity ………………………..……….. 167 



 

 viii 

  Extended interpretation of N-terminal truncations and other CXCR4 

perturbations that cause unexpectedly large efficacy deficits in arrestin 

recruitment ………………………..……………………………….. 170 

  Understanding the coupling of G protein, arrestin, and other effectors to 

CXCR4……………………..………………………………………. 176 

Future experiments…..……………………………………………...177



 

 ix 

LIST OF FIGURES 

 
Figure 2.1 Ribbon diagrams of a typical chemokine monomer; a CXC chemokine 

dimer; a CC chemokine dimer.………..…………………………… 23 

Figure 2.2 Two site model of receptor activation.…..…...……………………. 25 

Figure 2.3 Cartoon of the two-site model where the small molecule antagonist 

AMD3100 binds CXCR4 in the TM domain CRS2, and displaces the 

N-terminus of SDF-1/CXCL12.………………...……...………….. 26 

Figure 2.4 A model for the allosteric ligand binding transinhibition of agonists 

from chemokine heterodimers as suggested by Springael and 

coworkers……………………………………………..……………. 41 

Figure 2.5 A model for inhibition of CXCR4 signaling by the EBV viral GPCR, 

BILF1……………………………………......................................... 49 

Figure 3.1 Molecular models and experimental designs used in the present 

study.……………………………………………………………….. 64 

Figure 3.2 CXCR4 mutants used in this study.................................................... 66 

Figure 3.3 CXCR4 mutants retain ability to dimerize with each other and with WT 

receptor..…….…………….……….....………..................................67 

Figure 3.4 The absence of functional rescue when coexpressing two 

complementary mutants of CXCR4 in CHO-Gα15 cells…………… 68 

Figure 3.5 Diluting WT-WT dimers by increasing transfection of loss-of-function 

mutants does not lead to a decrease in signaling…………………....69 



 

 x 

Figure 3.6 Cysteine trapping experiment with CXCR4 and CXCL12 coexpressed 

in insect Sf9 cells..…………………….…………………………… 70 

Figure 3.S1 Design of CXCR4-free cell line for CXCR4 mutant functionality 

testing. (A–E) Endogenous expression of CXCR4 was detected via 

flow cytometry following surface staining with anti–CXCR4-PE… 74 

Figure 4.1 Topology and oligomerization behavior of chemokines.……….…..81 

Figure 4.2 Chemokine interaction with receptors and other binding partners….83 

Figure 4.3 Insights into chemokine receptor activation...….…………………...87 

Figure 4.4 The allosteric nature of chemokine receptor activation and 

inhibition.……………………………………………………............89 

Figure 4.5 Structural basis of small molecule antagonism of chemokine 

receptors.…...………………………………………………………..91 

Figure 5.1 A full length model of the CXCL12:CXCR4 signaling 

complex.……………………….........................................................146 

Figure 5.2 Mutating CRS2 residues known to be critical to G protein signaling 

abrogates β arrestin-2 recruitment as well…………………………. 147 

Figure 5.3 Residue D262 of CXCR4 is important for potent and efficacious 

CXCL12-mediated receptor activation…………………………….. 148 

Figure 5.4 R8E mutation in CXCL12 severely impairs β arrestin-2 recruitment, 

and recruitment is greatly rescued by both D262K and R mutations in 

CXCR4. ………………….………………………………………… 149 



 

 xi 

Figure 5.5 Mutagenesis targeting both R30 and E277 impairs CXCR4 signaling, 

supporting the engagement of both residues with the CXCL12 N-

terminus as predicted in the model………………………………….150 

Figure 5.6 Mutating R12 of CXCL12 to glutamate severely impairs its activation 

of CXCR4, and this effect is substantially reversed by charge-reversing 

mutation of CXCR4 residue E277.……...…………………............. 151 

Figure 5.7 Negatively charged residues in ECL2 of CXCR4 are important for the 

efficacy of arrestin recruitment....…………..………………………152 

Figure 5.8 Mutation of the DRY motif residue R134A produces a constitutively 

active β arrestin-2 recruiting form of CXCR4.…...………………... 153 

Figure 5.9 Mutating TM5 residues W195 and Q200 causes deficits in signaling 

that are not easily explained by the CXCL12:CXCR4 model.…….. 154 

Figure 5.10 The effects of mutating charged residues (as well as the putatively 

sulfated Y21 residue) in the most proximal region of CRS1 reinforce 

the role of this region in providing for potent CXCL12 association..155 

Figure 5.11 Successively larger truncations of CRS1 produce surprising progressive 

deficits in β arrestin-2 recruitment efficacy that are not seen in Ca2+ 

mobilization results..……………………………………………….. 156 

Figure 5.S1 BRET results are unaffected by changes in receptor-RLuc3 expression 

level within a wide range....………………..………………………. 157 

Figure 5.S2 Expression of trans-membrane domain mutant forms of CXCR4 that 

show differences in signaling from WT receptor....……………….. 158 



 

 xii 

Figure 5.S3 Expression of N-terminal domain mutant and truncated forms of 

CXCR4 that show differences in signaling from WT receptor.…….159 

Figure 5.S4 Expression of all mutants tested in Ca2+ signaling assays relative to 

WT receptor tested on the same day, after adjustment of WT receptor 

DNA amount according to the observed mutant expression range… 160 



 

 xiii 

LIST OF TABLES 

 
Table 2.1 Chemokine receptor oligomers…………………...…....................... 28 

Table 2.2 Methods used in studying chemokine receptor oligomerization……33 

Table 3.S1 Properties of the cell lines tested and generated to identify a 

background-free CXCR4 mutant testing system…………………... 75 

Table 5.1 Signaling parameters derived from β	
  arrestin-­‐2	
  recruitment	
  

experiments.………………………………………………………..161 

Table 5.2 Signaling parameters derived from Ca2+ mobilization experiments...163 

Table 5.3 Equiactive bias factors calculated for select mutants………………..164 



 

 xiv 

ACKNOWLEDGEMENTS 

 Thanks of course to the committee for lending their time and thoughts to my 

progress frequently. Thanks to Tracy Handel for years of mentoring, which I could not 

have remotely understood the value of at the outset. I must further thank Tracy for her 

patience and her own successes that have allowed me to continue working and 

learning. Two others who deserve individual mention are JoAnn Trejo and Irina 

Kufareva, who have provided me as much extensive training and guidance to be 

considered co-mentors. I also very much appreciate both the patience and guidance 

afforded me by the various post-doctoral scholars, graduate students, and 

undergraduates who have worked in the laboratory during my time here. I have 

learned countless lessons from them.  

And thanks to my special lady Alex and my mother Kay Taylor, both of whose 

inexplicable faith in me has given me comfort and motivation in tough times. 

 Chapter two, in full, is a reprint of a published review article as it appears in 

Progress in Molecular Biology and Translational Science. (Stephens, B. and T. M. 

Handel (2013). "Chemokine receptor oligomerization and allostery." Prog Mol Biol 

Transl Sci 115: 375-420.) The dissertation author was the primary author of this 

material. 

 Chapter three, in full, is a reprint of a published research article as it appears in 

Proceedings of the National Academy of Sciences of the USA. (Kufareva, I., B. S. 

Stephens, L. G. Holden, L. Qin, C. Zhao, T. Kawamura, R. Abagyan and T. M. 

Handel (2014). "Stoichiometry and geometry of the CXC chemokine receptor 4 



 

 xv 

complex with CXC ligand 12: molecular modeling and experimental validation." Proc 

Natl Acad Sci U S A 111(50): E5363-5372.) The dissertation author was a co-primary 

researcher and author of this material. 

 Chapter four, in full, is a reprint of a published review article as it appears in 

Annual Review of Biophysics. This was a collaboratively written review relying on 

each experimentalist author’s area of expertise. (Kufareva, I., M. Gustavsson, Y. 

Zheng, B. S. Stephens and T. M. Handel (2017). "What Do Structures Tell Us About 

Chemokine Receptor Function and Antagonism?" Annu Rev Biophys 46: 175-198.) 

The dissertation author was among several independent contributors to this material. 

 Chapter five is adapted from a manuscript currently in preparation for 

submission for publication. (Stephens, B. S.; I. Kufareva and T. M. Handel (2017). 

“Anatomy of the CXC chemokine receptor 4 signaling complex with CXCL12.” in 

preparation for submission to Science Signaling.) The dissertation author was the 

primary researcher and author of this material. 



 

 xvi 

VITA 

2010 Bachelors of Science, Biochemistry, University of New Mexico 

2017 PhD, Biomedical Sciences, University of California San Diego 

PUBLICATIONS 
 

Kufareva, I., B. Stephens, C. T. Gilliland, B. Wu, G. Fenalti, D. Hamel, R. C. 
Stevens, R. Abagyan and T. M. Handel (2013). "A novel approach to quantify G-
protein-coupled receptor dimerization equilibrium using bioluminescence resonance 
energy transfer." Methods Mol Biol 1013: 93-127. 
 
Stephens, B. and T. M. Handel (2013). "Chemokine receptor oligomerization and 
allostery." Prog Mol Biol Transl Sci 115: 375-420. 
 
Ziarek, J. J., A. E. Getschman, S. J. Butler, D. Taleski, B. Stephens, I. Kufareva, T. M. 
Handel, R. J. Payne and B. F. Volkman (2013). "Sulfopeptide probes of the CXCR4/CXCL12 
interface reveal oligomer-specific contacts and chemokine allostery." ACS Chem Biol 8(9): 
1955-1963. 
 
Kawamura, T., B. Stephens, L. Qin, X. Yin, M. R. Dores, T. H. Smith, N. Grimsey, R. 
Abagyan, J. Trejo, I. Kufareva, M. M. Fuster, C. L. Salanga and T. M. Handel (2014). "A 
general method for site specific fluorescent labeling of recombinant chemokines." PLoS One 
9(1): e81454. 
 
Kufareva, I., B. S. Stephens, L. G. Holden, L. Qin, C. Zhao, T. Kawamura, R. Abagyan and 
T. M. Handel (2014). "Stoichiometry and geometry of the CXC chemokine receptor 4 
complex with CXC ligand 12: molecular modeling and experimental validation." Proc Natl 
Acad Sci U S A 111(50): E5363-5372. 
 
Gustavsson, M., L. Wang, N. van Gils, B. S. Stephens, P. Zhang, T. J. Schall, S. Yang, R. 
Abagyan, M. R. Chance, I. Kufareva and T. M. Handel (2017). "Structural basis of ligand 
interaction with atypical chemokine receptor 3." Nat Commun 8: 14135. 
 
Kufareva, I., M. Gustavsson, Y. Zheng, B. S. Stephens and T. M. Handel (2017). "What Do 
Structures Tell Us About Chemokine Receptor Function and Antagonism?" Annu Rev 
Biophys 46: 175-198. 
 
Ziarek, J. J., A. B. Kleist, N. London, B. Raveh, N. Montpas, J. Bonneterre, G. St-Onge, C. J. 
DiCosmo-Ponticello, C. A. Koplinski, I. Roy, B. Stephens, S. Thelen, C. T. Veldkamp, F. D. 
Coffman, M. C. Cohen, M. B. Dwinell, M. Thelen, F. C. Peterson, N. Heveker and B. F. 
Volkman (2017). "Structural basis for chemokine recognition by a G protein-coupled receptor 
and implications for receptor activation." Sci Signal 10(471). 
 

 



 

 xvii 

FIELDS OF STUDY 
 
Major Field: Biomedical Sciences 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xviii 

 

 

 

 

 

 

ABSTRACT OF THE DISSERTATION 

 
 

Understanding CXC chemokine receptor 4 activation by CXC chemokine ligand 12 

 

by 

 

Bryan S. Stephens 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2017 

 

Professor Tracy M. Handel, Chair 

 

The past several years have seen a rapid advancement in our understanding of 

how CXCR4 transmits the extracellular CXCL12 signal into intracellular signaling, 

which ultimately causes cell migration along with other signaling outcomes critical in 

both immune cell function and various cancers. We began this project uncertain as to 

the stoichiometry of CXCL12:CXCR4 binding, and through various functional and 



 

 xix 

structural studies were able to settle on an early complex model with 1:1 stoichiometry 

(chapters 2&3). An improvement in our ability to model the CXCL12:CXCR4 

complex was enabled by the solution of the vMIP-II:CXCR4 crystal structure by our 

laboratory soon after, and other landmarks in chemokine receptor structural 

determination (chapter 4) have allowed for a global understanding of 

chemokine:receptor structure to emerge.  At this point the structural link between 

CXCL12 N-terminus binding and the more conserved intracellular aspects of CXCR4 

activation is finally coming into view. In our latest soon to be submitted study, we 

provide functional evidence decisively supporting the orientation proposed in our 

current model, as well as revealing previously unrecognized complexity in the nature 

of CXCR4 activation (chapter 5). In chapter 6, we comprehensively discuss tentative 

but exciting possible explanations for evidence in our latest findings of greater 

complexity in chemokine:chemokine receptor signaling than has been appreciated.  

We have progressed from a rough understanding of how CXCL12 activates 

CXCR4 to an experimentally validated full-length CXCL12:CXCR4 signaling 

complex model. Ultimately, we have made significant contributions to understanding 

the structure of CXCR4 bound to CXCL12, the precise mechanism whereby CXCL12 

stabilizes CXCR4’s active state(s), and the complexity of the downstream functional 

consequences of receptor activation. 
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Chapter 1 

 

 

Introduction 
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Chemokine signaling in the immune system and CXCR4 

 The chemokine signaling system in humans consists of at least 45 chemokine 

ligands and 22 chemokine receptors, and enables migration of the receptor-bearing 

cells across chemokine gradients from areas of low to high concentration (Scholten, 

Canals et al. 2012). The chemokine system plays critical roles in the development and 

homeostasis of immune cells as well as in their recruitment to sites of acute 

inflammation (Sokol and Luster 2015). There is reciprocal promiscuity in the binding 

of chemokines and their receptors, making the integrated chemokine signaling 

network quite complex and difficult to tease apart experimentally. In fact most 

chemokine receptors bind multiple chemokines, although the chemokine receptor 

CXCR4 only has one chemokine agonist in CXCL12 (Scholten, Canals et al. 2012). 

CXCR4 and CXCL12 play a role of particularly broad importance in the sequestration 

and maintenance of hematopoietic stem cells in bone marrow (BM), as well as in their 

retention and development as they differentiate and mature (Sokol and Luster 2015). 

As these cells approach maturity, immune cell lineage-specific changes in chemokine 

receptor expression allow cells to migrate out of BM and into circulation, and 

ultimately to their final destination in the blood, peripheral tissues, or lymph system. 

While the maintenance of developing immune cells in BM is dependent on CXCR4, 

their exit is not simply the result of decreased CXCR4 expression or otherwise down-

regulated signaling. Generally, it is the up-regulation of one or more alternative 

chemokine signaling pathway(s) that is critical to mature immune cells exiting the BM 

for their ultimate destination (Sokol and Luster 2015). In at least some cases CXCR4 
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expression is maintained and CXCR4 may be involved in some complex way in the 

cells’ emigration from the BM, and CXCL12 signaling through CXCR4 is definitely 

involved in establishing pools of immune cells in strategic peripheral locations. 

Neutrophils in particular up-regulate CXCR4 upon senescence, and this has been 

hypothesized to allow for their re-uptake into the BM on their course to apoptosis 

(Sokol and Luster 2015).  

Most chemokines are capable of both homo and hetero-oligomerization as well 

as binding to non-receptor glycosaminoglycans (GAGs), adding a further layer of 

complexity to their function. In a particularly interesting example, lymph node (LN) 

immune cell distribution is maintained by expression of both CCL21 and CCL19 

(Schumann, Lämmermann et al. 2010). A significant portion of CCL21 is immobilized 

through anchoring of its extended C-terminus to heparin sulfate, a GAG commonly 

bound by chemokines. This allows for special highly regulated movement of cells 

within the lymphatic system, with tethered CCL21 causing cells to crawl slowly 

through lymphatic vessels, and CCL19 along with the soluble fraction of CCL21 

providing the directional cues for precise location within the lymph system 

(Schumann, Lämmermann et al. 2010). Adding yet another layer of complexity, 

CCL21 and CCL19 show signaling bias (defined below) relative to one another in 

their activation of CCR7 (Jørgensen, Rosenkilde et al. 2017). The difference in 

signaling between the two CCR7-activating chemokines, which is effectively that 

CCL19 provide a temporally specific burst of signaling compared to the longer 

sustained signaling for the CCL21-activated receptor state, along with the proteolytic 

conversion of tethered insoluble CCL21 to soluble CCL21, enables very fine 
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regulation of the positioning of immune cells within LNs (Jørgensen, Rosenkilde et al. 

2017). Generally, the complexity of the chemokine system is such that an immune cell 

will undergo a series of changes in chemokine receptor expression profiles as it 

differentiates and matures, and this will typically account for its resting position in the 

body under homeostatic conditions throughout its lifetime (Sokol and Luster 2015).  

Chemokine signaling and the chemokines themselves can be classified as 

either constitutive, as in the case of the homeostasis-involved chemokine signaling 

processes discussed above, or inflammatory, based on their pattern of expression. In 

acute inflammation such as in response to infection, the inflammatorily expressed 

chemokines act on receptors expressed by various types of mature immune cells and 

thereby play a large role in both the innate and adaptive immune response. When 

mature, initially responding immune cells such as macrophages and mast cells 

prepositioned throughout the blood and peripheral tissues sense infection or tissue 

damage, and release cytokines and chemokines when an infectious agent is 

encountered. The secreted chemokine in turn recruit other immune cells such as 

neutrophils and monocytes to the site of inflammation, which may then also release 

yet more chemokines. This process can be continued through multiple rounds and 

provides for significant and rapid amplification in the immune response (Sokol and 

Luster 2015).  

Dendritic cells play the critical role of messengers in initiating the adaptive 

immune response, and this role is largely dependent on chemokine signaling. A 

population of mature peripherally distributed DCs, which express multiple chemokine 

receptors with inflammatory chemokine agonists, allows them to become activated 
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specifically at sites of inflammation where they will also encounter antigens (Sokol 

and Luster 2015). When activated, a rapid up-regulation of CCR7 allows for CCL21-

directed migration into lymph vessels (and ultimately lymph nodes) where these 

antigens can be presented to T cells (a critical component of the adaptive immune 

response), which are themselves pre-positioned in specific areas of the lymph nodes 

via CCL21 and CCL19 signaling through CCR7 (Schumann et al. 2010, Sokol and 

Luster 2015). 

Chemokines are small (~10 kDa) secreted proteins that signal through G 

protein-coupled receptors (GPCRs). The basic structure of chemokines is remarkably 

well-conserved and consists of a disordered short N-terminus connected by an “N-

loop” to a three-stranded anti-parallel beta sheet, with a “30s loop” and a “40s loop” 

connecting the beta strands and a C-terminal helix following the beta sheet, all 

compactly folded so that the protein appears grossly as a relatively large globular 

domain with a short disordered region sticking out (the N-terminus) (Scholten, Canals 

et al. 2012). The chemokine N-terminus is tethered to the beta sheet core of it’s 

globular domain at the junction between the N-terminus and the N-loop through one or 

(in most cases) two disulfide bonds, and the chemokines are named according to the 

pattern of residues located at this junction (either C, CC, CXC, or CX3C). The 

receptors are named according to the type of chemokine ligand they bind (Scholten, 

Canals et al. 2012). 
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G protein-coupled receptors 

 The chemokine receptors are members of the much larger rhodopsin-like (also 

known as class A) family of GPCRs (Scholten, Canals et al. 2012). GPCRs feature a 

membrane-spanning domain with seven trans-membrane helices, three connecting 

intracellular and three extracellular loops, and an intracellular C-terminus that often 

forms an eighth helix parallel to the membrane. The complete GPCR family comprises 

over 800 different proteins in humans, making it the largest family of cell surface 

receptors, with over 700 belonging to the class A family (Heifetz, Schertler et al. 

2015). It is understandable given the large role in intracellular signaling played by 

GPCRs that they are the targets for over 60% of all prescribed drugs (Schöneberg, 

Schulz et al. 2004). 

The extensive study of the class A G protein-coupled β-2 adrenergic receptor 

(B2AR), originally discovered in the course of understanding the molecular 

mechanism of adrenaline (epinephrine) and the first GPCR to be successfully cloned 

(Lefkowitz 2013), provided much of the current understanding of how GPCRs link 

extracellular ligand binding to intracellular signaling (Rosenbaum, Rasmussen et al. 

2009). G proteins are well known as “molecular switches” in various intracellular 

signaling pathways. The B2AR was among the first GPCRs to be structurally solved 

by X-ray crystallography (after the light-sensing receptor rhodopsin), and there have 

since been multiple structures reported for the receptor bound to both agonists and 

antagonists, as well as a structure for the full ternary complex between an agonist 

ligand, the receptor, and the trimeric Gs protein coupled to the receptor (Rosenbaum, 
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Rasmussen and Kobilka 2009, Rosenbaum, Rasmussen and Kobilka 2009, Lefkowitz 

2013, (Rasmussen, DeVree et al. 2011). By now more than 20 different GPCRs have 

been structurally determined (Heifetz, Schertler et al. 2015). Crucially, several have 

been solved in both agonist-bound and antagonist-bound states, and this along with the 

multiple B2AR structures have shed light on how exactly ligand binding to the 

extracellular surface of the receptors leads to G protein activation within the cell.  

The putative model that emerged from the decades of research since the initial 

discovery of the B2AR explained receptor activation in terms of a conformational 

change from an inactive to an active state, with the active state favored by agonist 

ligand and thus stabilized by agonist binding (Rosenbaum, Rasmussen and Kobilka 

2009). The active state of the receptor has increased potency for coupling to the alpha 

subunit of inactive (GDP-bound) G proteins, and upon coupling it directly induces a 

conformational change in the G protein that causes GDP release. The GDP-free state 

of the G protein alpha subunit is then free to bind GTP and become active. The 

receptor thereby acts as a ligand-controlled activating GEF for the type of G protein 

that it couples to, and in this way the receptor links the binding of an extracellular 

ligand to activation of an intracellular G protein-governed signaling cascade. GPCR 

signaling is now known to involve multiple families of G proteins, each of which 

ultimately activates a unique (but in many cases overlapping) set of secondary effector 

functions (Dorsam and Gutkind 2007).  

In addition to the pharmacological observation of dose-responsive activation 

by ligands, this model explains the multiple observations of constitutive activity in 

GPCRs through the active/inactive receptor state equilibrium that exists in the absence 
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of agonists (Rosenbaum, Rasmussen and Kobilka 2009). Antagonism is explained in 

this model by neutral binding with respect to receptor state (equal affinity to inactive 

and active states of the target receptor), and according to the same logic, inverse 

agonists that reduce or eliminate basal receptor activity are explained as preferably 

binding and stabilizing the inactive state.   

With respect to the active and inactive states of the receptors, the situation is 

more complex than originally appreciated, and this is one of the frontiers of GPCR 

research. Recent advances in high-resolution dynamic structural experiments have led 

to the suggestion of at least four distinct states for the B2AR (and likely most other 

GPCRs), which range from completely inactive (as in the case of an inverse agonist-

bound receptor) to the most active case of the full ligand:receptor:G-protein ternary 

complex (Manglik, Kim et al. 2015). It was observed early on, in fact while the 

existence of GPCRs was still in question, that the addition of guanine nucleotides 

reduced adrenaline potency, indeed suggesting a fully cooperative ternary complex 

between agonist, GPCR, and G protein (Lefkowitz 2013). It was only determined 

recently (at least in the case of the B2AR), however, that this G protein-mediated 

increase in activation potency is the result of a conformational change in the receptor 

upon coupling to an inactive nucleotide-free G protein that ultimately causes an 

enclosure of the ligand binding site (DeVree, Mahoney et al. 2016). In effect, this G 

protein-bound state is less accessible to all ligands, but it also greatly extends the 

residence time of agonists already bound to the receptor, explaining the G protein 

effect on observed potency through a large decrease in the complex off-rate (DeVree 

et al. 2016).  
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Another class of proteins that were discovered early on to interact with GPCRs 

are arrestins, so named because were originally recognized as G protein signaling 

desensitization mediators (Lefkowitz 2013). Most commonly, active receptors recruit 

G protein coupled receptor kinases (GRKs) (after active Gα protein subunits 

dissociate), which then phosphorylate residues in the receptor C-terminus and produce 

a docking site for arrestins. Once engaged, arrestins sterically prevent G protein 

coupling to the receptor, and they also recruit internalization machinery to receptors in 

the course of receptor down-regulation through internalization (Shenoy and Lefkowitz 

2011). They have since been discovered to play positive signaling roles as well, with 

the best established being activation of various kinase signaling pathways (Shukla, 

Xiao et al. 2011). Recent years have seen rapid advances in our understanding of how 

and why arrestins interact with receptors (Shukla, Westfield et al. 2014), and in 2015 a 

crystal structure of rhodopsin in complex with visual arrestin (also known as arrestin-

1) was solved (Kang, Zhou et al. 2015). 

Along with the discovery that GPCRs can activate multiple intracellular 

signaling pathways, it has been found that certain ligands can activate one or more 

particular GPCR-coupled pathway(s) from among a receptor’s repertoire with 

disproportionate effectiveness, which has been termed signaling bias (Lefkowitz 

2013). It is not yet clear how common the underlying explanations for the many 

findings of biased ligands actually are (Klein Herenbrink, Sykes et al. 2016), but in at 

least some cases the explanation seems to be distinct active receptor states which 

correspond to activation of one or another coupling effector (Drake, Violin et al. 2008, 

Reiter, Ahn et al. 2012, Wacker, Wang et al. 2013). 



 10 

The structure and activation of CXCR4 

 Given the wide expression and importance of CXCR4 in development and 

immunity, it is understandable that CXCR4 is quite commonly up-regulated in both 

haematological and solid tumor cancers (Guo, Wang et al. 2016). In addition to the 

migratory ability cancer cells exploit CXCR4 to obtain, the stem cell maintenance 

signaling of CXCR4 makes it also unsurprising that a role in cancer cell survival 

signaling has been reported as well, and CXCL12/CXCR4 signaling further serves 

cancer cells through allowing for coordination with tumor-supporting stromal cells 

(Guo, Wang et al. 2016). Candidates have been numerous but only one approved 

CXCR4-targeting drug has emerged so far (Danylesko, Sareli et al. 2016), so there is 

definitely a biomedical need for a better structural understanding of the activation of 

CXCR4 by CXCL12. 

Chemokine receptors also represent an exciting frontier in the field of basic 

GPCR signaling research owing to the size of chemokines. As multiple receptors have 

now been solved in various stages of activation, it has become clear that GPCRs can 

be considered as linking conserved intracellular G protein activation mechanisms with 

more divergent ligand engagement networks, which is to be expected considering the 

wide variety of GPCR ligands that exist along with the large degree of commonality in 

GPCR intracellular activity. Small molecules ultimately activate all of the early class 

A model receptors that yielded most of our understanding of GPCR structure and 

activation, whereas chemokines are vastly larger proteins. The nature of the 

receptor/ligand interaction, and how it is linked to activation of the intracellular region 
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of the receptor, was thus bound to be quite different in the case of chemokine receptor 

signaling, making the structural study of chemokine receptors a particularly interesting 

challenge.  

At the outset of the work described herein, understanding of the structural basis 

for chemokine receptor activation by chemokines was essentially limited to a 

simplistic chemokine recognition site 1 & 2 (CRS1/CRS2) model (Crump, Gong et al. 

1997). In this model, two functionally distinct binding events contribute to the 

ligand:receptor complex: in the CRS1 interaction the N-terminus of a chemokine 

receptor binds the globular domain of its chemokine ligand, and in the CRS2 

interaction residues in the binding pocket formed by the receptor trans-membrane 

receptor core domain are responsible for binding the N-terminus of the chemokine. 

Functionally, the CRS1/CRS2 model states that only the CRS2 interaction is involved 

in achieving/stabilizing the active state of the receptor upon chemokine binding, 

whereas the CRS1 interaction only contributes binding affinity necessary for 

association (Rajagopalan and Rajarathnam 2006, Kleist, Getschman et al. 2016). 

There is extensive experimental evidence supportive of the CRS1/CRS2 

hypothesis, much of it derived from the study of CXCL12 and CXCR4 in particular. 

Modification of the CXCL12 N-terminus produced potently binding antagonist 

variants of CXCL12, suggesting that the extreme chemokine N-terminus is critical for 

activating the receptor in a way that can be at least partially distinguished from its 

contribution to binding (Crump, Gong et al. 1997). It was shown next that the N-

terminus of CXCL12 alone was capable of eliciting CXCR4 signaling (Loetscher, 

Gong et al. 1998). It was also suggested by both receptor chimera experiments and the 
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swapping of N-loop domains between chemokines (including CXCL12) that the 

receptor N-termini interacting with at least the N-loop of the chemokines are the 

critical elements for binding affinity and specificity (Kleist, Getschman et al. 2016). 

Also in agreement with the CRS1/CRS2 hypothesis, multiple acidic residues in the 

pocket of CXCR4 have long been known to be as critical to signaling as the extreme 

CXCL12 N-terminal residues K1 and P2 (Brelot, Heveker et al. 2000).  

CXCR4 was the first chemokine receptor to be structurally solved in 2010, 

when our laboratory reported multiple crystal structures for the receptor in complex 

with both a small molecule and a cyclic peptide antagonist (Wu, Chien et al. 2010). As 

detailed in chapters 2 and 3 herein, the absence of CXCL12 from the structures along 

with the crystallization of CXCR4 as a physiologically sensible homodimer allowed 

for widely varying hypotheses regarding the nature of CXCL12 binding (Wu et al. 

2010, (Kufareva, Stephens et al. 2014). While the small molecule and peptide 

antagonist crystal structures were not at all conclusive as to how CXCL12 binds, a 

separate NMR-based structure of CXCL12 in combination with the isolated N-

terminus of CXCR4 (Veldkamp, Seibert et al. 2008) offered a potential answer to how 

CRS1 bound CXCL12, and incorporating this proposed orientation into the context of 

full length CXCR4 led to the hypothesis of a 1:2 CXCL12:CXCR4 binding and 

activation mechanism. A 1:1 interaction model was also possible but required 

abandoning the NMR-based CRS1 interaction proposal. Ultimately, our data strongly 

supported the 1:1 model, and we were able to derive further specific support for the 

proposed orientation in the form of cysteine mutant disulfide-based crosslinking data.  
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An exciting step in understanding how CXCL12 binds and activates CXCR4 

was made in 2015 with the crystallographic solution of a covalently locked complex 

between virally encoded antagonist chemokine vMIP-II and CXCR4 (Qin, Kufareva et 

al. 2015). The crystal structure of the vMIP-II:CXCR4 complex was encouragingly 

similar in orientation to our previously generated CXCL12:CXCR4 model. Other 

structural milestones achieved since in the field of chemokine receptors include a 

chemokine variant-bound CCR5 structure (Zheng, Han et al. 2017) and a CCR2 

structure solved in simultaneous complex with both an orthosteric and allosteric 

antagonists (Zheng, Qin et al. 2016). We review these in the context of our general 

progress in understanding chemokine signaling structurally in chapter 4. Detailed in 

chapter 5, we have since improved and extended the model to include all of the CRS1 

interaction, and we have generated a large body of experimental evidence that 

conclusively supports our proposed model.  

Ultimately, pharmacology targeting CXCR4 will benefit from better 

understanding the coordinated but distinct pathways that are initiated by CXCR4. 

Much of the later mutagenesis data presented herein is arrestin recruitment data, which 

is lacking in the literature in the case of CXCR4, for which G protein signaling data is 

overwhelmingly available. We have uncovered multiple interesting cases in which 

arrestin signaling results differ from Ca2+ mobilization-based measurements of G 

protein signaling. This seems to be largely due to the superior sensitivity of the BRET-

based arrestin association measurements to efficacy differences, although there is also 

evidence for genuinely selective effects of certain receptor perturbations on arrestin 

versus G protein coupling.  
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Finally, it should be noted that along the way, I was able to contribute to 

various projects that while not included herein have made significant contributions to 

chemokine receptor research in general. In an early team effort, we were able to 

develop more sophisticated GPCR-dimerization BRET experimental and analytical 

strategy than was previously available (Kufareva, Stephens et al. 2013). I was second 

author on the resultant paper. Our laboratory’s experience with assaying CXCR4 

signaling allowed me to contribute mutagenesis-based support for early modeling by 

another group of the CRS1 component of the CXCL12:CXCR4 interaction (Ziarek, 

Getschman et al. 2013). In a separate project, my extensive contributions to the 

application of fluorescently labeled chemokines that were developed in the lab led to 

my inclusion as an equally contributing co-first author on the resultant paper 

(Kawamura, Stephens et al. 2014). More recently, the BRET-based arrestin 

recruitment experimental platform, which I implemented and developed within our 

laboratory, enabled functional testing of ACKR3 critical to a recent modeling study 

led by a post-doctoral scholar working in our laboratory (Gustavsson, Wang et al. 

2017).  
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Introduction 

 Chemokine receptors enable cells to migrate in response to directional cues 

provided by chemokine gradients, and are key mediators of immune cell homeostasis 

and surveillance as well as recruitment and organization of immune cells in acute 

inflammation (Sokol and Luster 2015). In humans the chemokine signaling network 

involves at least 45 receptors and 22 ligands (Scholten, Canals et al. 2012). The 

chemokines are ~10 kDa secreted proteins, and the chemokine receptors are members 

of the class A subfamily of G protein-coupled receptors (GPCRs). 

Given the migratory function of chemokine signaling, it is not surprising that 

multiple cancers express high levels of chemokine receptors and are thought to exploit 

them for metastasis (Scholten, Canals et al. 2012). This is especially true for blood 

borne cancers (of hematopoietic origin). CXCR4 and CXCL12 in particular are 

expressed by a large number of different cancers and participate in the migration 

underlying both metastasis and tumor-supporting stromal cell recruitment (Guo, Wang 

et al. 2016). CXCR4 signaling is also often directly important for cancer cell survival 

(Guo, Wang et al. 2016), which is not surprising as CXCR4 signaling contributes to 

the maintenance of undifferentiated hematopoietic stem cells in the bone marrow 

(Sokol and Luster 2015). CXCR4 is also a principal co-receptor for the fusion of HIV 

to T cell membranes (Scholten, Canals et al. 2012). 

The involvement of CXCR4 in various disease states provides the biomedical 

impetus for studying the structure of CXCR4, and the first crystal structures of 

CXCR4, in separate complexes with a small molecule and a cyclic peptide antagonist, 
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were reported in 2010 (Wu, Chien et al. 2010). More recently, a crystal structure was 

reported for the receptor in complex with the viral mimic chemokine vMIP-II (Qin, 

Kufareva et al. 2015), and in that report we submitted an early docking-based model 

of the CXCL12:CXCR4 complex that was produced using the solved complex 

structure as a template. Crystal structures have also been solved for CCR5 bound by 

the antagonist maraviroc (Tan, Zhu et al. 2013), CCR5 covalently secured to the 

antagonist CCL5 variant [5P7]-CCL5 (Zheng, Han et al. 2017), and CCR2 

simultaneously bound by an orthosteric antagonist and an allosteric antagonist that 

binds to the receptor intracellularly where G proteins and arrestin molecules couple 

(Zheng, Qin et al. 2016). The structure of the virally endoded receptor US28 in 

complex with CX3CL1 was also solved in 2015 (Burg, Ingram et al. 2015). 

At the same time, a large body of functional evidence has accumulated through 

various signaling studies of receptors, beginning long before any structural details of 

any chemokine receptors were available. Since 1997, a “two-site” model of interaction 

has been used to describe the binding of CXCL12 to CXCR4, and this model has 

broadened to describe chemokine:receptor interactions in general (Crump, Gong et al. 

1997). In this model, there are two functionally distinct regions of the receptor, known 

as chemokine recognition site 1 and 2 (CRS1 and CRS2). CRS1 consists of the 

receptor N-terminus, which binds the globular domain of the chemokine, and CRS2 

refers to the transmembrane domain of the receptor, which interacts with the N-

terminus of the chemokine. The CRS1 interaction is described as occurring first and 

contributing to the formation of the chemokine:receptor complex strictly through the 

contribution of binding affinity. The CRS2 interaction with the chemokine N-terminus 
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is in turn considered the interaction that is responsible for the conformational change 

that leads to receptor activation, and ultimately the activation of signaling proteins 

coupled to the intracellular surface of the receptor. 

Observing the recent handful of chemokine:receptor complex crystal structures 

and the CXCL12:CXCR4 model that accompanied the vMIP-II:CXCR4 structure, a 

conserved central point in the interaction for all of the complexes seems to exist in the 

hydrophobic packing interaction between the CC/CXC/CX3C cysteines of the 

chemokine and the –PC- motif of the receptor, which we have labeled CRS1.5 as it 

bridges the CRS1 and CRS2 “regions” of what is actually a contiguous interaction 

interface. As would be expected to allow for the correct recognition between cognate 

chemokine-receptor pairs, the diversity between the complexes is seen in both the 

CRS1 and CRS2 regions of the interaction on either side of the strikingly conserved 

CRS1.5 interaction (Kufareva, Gustavsson et al. 2017). (It should be noted that most 

of the CRS1 interaction is missing from the crystal structures as only the most C-

terminal residues of the receptor N-termini have been solved.) Among the crystal 

structures, only CX3CL1:US28 is between an activating chemokine and a competent 

receptor. However, a recent large study of mutations throughout CXCR4 led to major 

advances in understanding how the CRS2 region of the CXCL12:CXCR4 interaction 

gives rise to receptor activation, which was accomplished by interpreting LOF 

mutagenesis signaling data with the aid of another computational model we derived 

for the CXCL12:CXCR4 complex (Wescott, Kufareva et al. 2016). 

A crystal structure of the CXCR4:CXCL12 has remained elusive, at least in 

part due to the instability of agonist-bound GPCRs in the absence of a coupled 



 107 

signaling protein such as a G protein. At the same time, numerous computationally 

derived models of the complex between CXCR4 and CXCL12 (or related derivative 

agonists) complex have emerged from various groups (Huang, Shen et al. 2003, Xu, Li 

et al. 2013, Kufareva, Stephens et al. 2014, Mona, Besserer-Offroy et al. 2016, Cutolo, 

Basdevant et al. 2017, Ziarek, Kleist et al. 2017). There is, however, a large degree of 

variation in the orientation proposed in these structural models, which highlights the 

need for caution in interpretation of any given model. It also highlights the need for 

better testing of such models, particularly testing that goes beyond LOF evidence, as 

the highly acidic receptor orthosteric pocket, along with the highly basic chemokine 

receptor-interacting domain, virtually ensures that key interaction residues in the 

receptor will be sampled even if the particular interactions in the model are incorrect. 

It is not surprising that CXCR4 is the focus of multiple attempts in drug 

development, including cancer treatment, HIV infection, and treatment of WHIM 

syndrome (Pozzobon, Goldoni et al. 2016). To date, however, the only successful drug 

targeting CXCR4 is plerixafor, which is used in combination with granulocyte colony-

stimulating factor (G-CSF) to mobilize CXCR4-bearing hematopoietic stem cells for 

re-implantation into the bone marrow of patients with non-Hodgkin lymphoma or 

myeloma (Danylesko, Sareli et al. 2016). There is clearly a need for better 

understanding the nature of chemokine:receptor complexes so that more potent and 

efficacious drugs can be rationally designed. A clear understanding of how 

chemokines bind and activate their receptors generally is only now emerging 

(Kufareva, Gustavsson et al. 2017), and we are far from understanding the unique 
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details of how each chemokine/receptor complex enables the receptors to adopt their 

G protein-activating state.  

Here, we introduce the latest model of the CXCR4:CXCL12 complex derived 

from docking studies of CXCL12 binding to CXCR4 that were undertaken using the 

crystal structure of CXCR4:vMIP-II as a template. The model contains a proposed 

orientation of the full receptor N-terminus, which as mentioned has not been resolved 

in any chemokine receptor crystal structure to date, and replicates the prediction of a 

new CRS0.5 region of the chemokine:receptor interaction we previously made for 

ACKR3 (Gustavsson, Wang et al. 2017). We provide particularly strong evidence for 

the accuracy of this new model in the form of reciprocal charge swap rescue of 

function data, which goes beyond the limits of loss of function mutagenesis data in 

supporting the proposed receptor-interactions. We also present a substantial amount of 

novel data demonstrating β arrestin-2 recruitment changes resulting from mutations 

placed throughout CXCR4. Interestingly, discovered diminished CXCR4 signaling 

efficacy upon removal of the CRS1 interaction. We also discovered unexpected 

signaling bias resulting from several different receptor perturbations.  

Materials and Methods 

Modeling 

 A full length atomic resolution model of the CXCR4:CXCL12 complex was 

produced using the CXCR4:vMIP-II crystal structure (Qin, Kufareva et al. 2015) as a 

template. The core of CXCL12 was overlaid with that of vMIP-II, and the N-terminus 

of CXCL12 was subsequently re-docked ab initio using a chemical fields approach. 



 109 

The CXCR4 N-terminal region spanning residues 21-26 was also re-docked ab initio 

with constraints provided by cysteine mutant disulfide trapping data (Kufareva, 

Stephens et al. 2014, Kufareva, Handel et al. 2015). Finally, the remaining 20 N-

terminal residues of CXCR4 were modeled manually relying in part on insights 

provided in private communication with the Brian Volkman lab. 

BRET-based recruitment assay 

β arrestin-2 recruitment was measured with a bioluminescence resonance 

energy transfer 2 (BRET2) assay (Bonneterre, Montpas et al. 2016). Four days prior to 

each assay, HEK293T cells, cultured in Dulbecco’s Modified Eagle Media (DMEM) + 

10% fetal bovine serum (FBS), were passaged and plated at 425,000 cells per well in 

6-well tissue culture plates. Two days later, the cells were transfected with two 

separate pcDNA vectors containing (1) the gene for N-terminally HA-tagged human 

CXCR4 fused C-terminally to the renilla luciferase 3 gene and (2) the gene for β 

arrestin-2 fused N-terminally to the GFP10 gene. CXCR4-Rluc3 and GFP10-β 

arrestin-2 containing vectors were kindly donated by Nicolaus Heveker, Université de 

Montréal, Montreal, Quebec, Canada. The N-terminal HA tag was added after receipt 

of the CXCR4-Rluc3 vector, followed by the production of our mutant library. All 

mutations, as well as the N-terminal HA tag, were introduced into the CXCR4 coding 

region of the HA-CXCR4-Rluc3 vector using the quikchange site-directed 

mutagenesis method (Stratagene). Vector amounts used in the transfections, 0.1 and 

2.4 ug for HA-CXCR4-Rluc3 and GFP10-β arrestin-2 respectively, were selected to 

meet three criteria. First, the expression of GFP10-β arrestin-2 relative to HA-

CXCR4-Rluc3 was high enough to ensure all saturation of HA-CXCR4-Rluc3 



 110 

according to the acceptor/donor BRET2 titration curve relationship (Figure 5.S1). 

Experiments were designed in this way to avoid, to the extent possible, 

misinterpretations of efficacy changes resulting from the variation in BRETmax that is 

observed at different points along this titration curve (Bonneterre, Montpas et al. 

2016). The second criterion met was that a sufficient level of Rluc3 must be expressed 

in order to yield an analyzable signal for both wavelengths of luminescence measured 

in the BRET assay, and the third was that a maximum of 2.5 ug of DNA per well was 

transfected into the cells. Transfections were carried out, according to the 

manufacturer’s recommended protocol, using TransIT-LT1 transfection reagent 

(MirusBio). On the day of the assay, cells were washed while still adherent with PBS, 

then re-suspended through manual pipetting in PBS + 0.1% D-glucose (BRET buffer) 

and diluted to obtain a final concentration of 1.5 million cells per mL of suspension. 

Ninety uL of cell suspension was then dispensed into each well of a white, clear 

bottom, tissue culture treated 96-well plate (Corning) before the plate was placed into 

a CO2 conditioned incubator for 30 minutes to allow the cells to reach 37 degrees C. 

GFP10-β arrestin-2 fluorescence levels were then measured with a SpectraMax M5 

fluorescent plate reader (Molecular Devices). Ten uL of BRET buffer containing 10 

times the final intended concentration of CXCL12 (WT or mutant) was then added to 

each well before an additional 10 minute waiting period, during which the plate was 

placed in a VictorX Light multilabel plate reader (PerkinElmer Life Sciences) pre-

warmed to 37 degrees C. Finally, coelenterazine-200A (also known as Deep Blue C) 

at was added to each well in order to obtain a final concentration of 5 uM immediately 

before measuring the luminescence at both 410 and 515 nm in the VictorX Light 
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luminometer. BRET ratios (515 nm luminescence/410 nm luminescence) were 

calculated in excel. In order to compare WT and mutant signaling assay results, as 

well as the results of different combinations of CXCL12 and CXCR4 mutants, results 

on each day were normalized to 100% WT efficacy, and mean values from 

independent experiments (each performed in duplicate) for each CXCL12 

concentration were plotted together. Curve fitting was carried out with GraphPad 

PRISM using 4-parameter agonist concentration response equation.   

Calcium mobilization-based G protein signaling assay 

Ca2+ mobilization experiments were carried with the aid of the FLIPR4 

calcium assay dye kit (Molecular Devices). As detailed previously (Kufareva, 

Stephens et al. 2014), we use a modified CHO K1 cell line for these experiments that 

stably expresses the promiscuously coupling G alpha subunit G alpha 15. These cells 

were cultured in 1:1 DMEM/F12 nutrient mixture supplemented with 10% FBS and 

700 ug/mL active G418 mammalian antibiotic. Three days prior to each assay, the 

cells were passaged and plated at 2 million cells per dish into 10 cm diameter tissue 

culture dishes, in 1:1 DMEM/F12 nutrient mixture supplemented with 10% FBS and 

further supplemented with 0.25% DMSO to aid in transfection efficiency (Ye, Kober 

et al. 2009). The next day, the media was removed and replaced with 1:1 DMEM/F12 

nutrient mixture supplemented with 10% FBS immediately prior to transfection with. 

In this case, Trans-IT CHO transfection kit is used according to the manufacturer’s 

recommended protocol, with the uL reagent: ug DNA ratio adjusted to 4:1. For the 

current study, 24 ug of either WT or mutant HA-CXCR4-rluc3 DNA were transfected 

into the cells in each dish. While we were first reticent to use the C-terminally Rluc3 
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fused form of CXCR4 for these assays, we discovered that this procedure provided the 

advantage of equalizing the expression between WT and mutant forms of the receptor, 

thus reducing the uncertainty in interpretations of efficacy differences that result from 

frequently altered expression of mutants. The next day, the cells were washed with 

PBS before re-suspension using PBS + 5 mM EDTA, then centrifuged and re-

suspended in 1:1 DMEM/F12 nutrient mixture supplemented with 10% FBS before re-

plating at 90,000 cells/well in black, clear bottom, poly-D-lysine coated 96-well plates 

(Corning). The following day, media was carefully removed from the adherent cells 

before 200 uL of a 1:1 mixture of HBSS + 20 mM HEPES + 0.1% BSA and FLIPR4 

dye was added to each well. After a 75 minute incubation at 37 degrees C, the assay 

was carried out in a FlexStation 3 multi-mode plate reader (Molecular Devices) using 

the instruments automated injection function to introduce CXCL12 at the final 

indicated concentrations. Fluorescence was measured at 525 nm after excitation at 485 

nm repeatedly (with 1.52 second intervals) over the course of 150 seconds. Reduced 

peak fluorescence values were calculated in excel by subtraction of baseline 

fluorescence from peak values, and reduced peak fluorescence versus CXCL12 

concentration response curve fitting was carried out using GraphPad PRISM. In order 

to compare WT and mutant signaling assay results, as well as the results of different 

combinations of CXCL12 and CXCR4 mutants, results on each day were normalized 

to 100% WT efficacy, and mean values from independent experiments (each 

performed in duplicate) for each CXCL12 concentration were plotted together. Curve 

fitting was carried out with GraphPad PRISM using 4-parameter agonist concentration 

response equation.      
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Flow cytometry-based expression testing 

For both HEK293Ts and CHO Gα15 stable cells transfected with WT and 

mutant versions of CXCR4, expression testing was carried out using the same method. 

Cells were resuspended in PBS + 5 mM EDTA, centrifuged, and re-suspended in PBS 

+ 0.5% PBS (FACS buffer) to a final concentration of between 0.1-1 million cells per 

mL of buffer. For anti-HA staining, fluorophore conjugated anti-HA antibody 

(Miltenyi Biotec) was added to obtain an 11X dilution, and cells were stained on ice in 

the dark for 10 min, according to the procedure recommended by the antibody 

manufacturer. For anti-CXCR4 staining, fluorophore conjugated anti-CXCR4 

antibody (either 12G5 or 1D9, both BD) was added to obtain a 50X dilution, and cells 

were stained on ice in the dark for 45 min, according to the procedure recommended 

by the antibody manufacturer. Cells were then washed three times with FACS buffer 

and then fixed with a final concentration of 0.8% PFA. Flow cytometric analysis of 

the antibody-stained and fixed cells was carried out using a GUAVA benchtop flow 

cytometer (EMD Millipore). Flow cytometry data analysis was performed using 

FlowJo software.  

Statistical comparison of WT and mutant signaling parameters 

Statistical comparisons between WT and mutant CXCR4 concentration 

response parameters were carried out on the same combined dataset in prism using the 

extra sum-of-squares F test model (with significance determined by P<0.05).    

Bias calculations 

We used an established method for estimation of bias in results from different 

signaling pathways that does not require independently derived binding data. The 
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equation for what Rajagopal and colleagues (2011) termed the equiactive comparison 

method of bias calculation, adapted to our situation of comparing WT CXCR4 

signaling to that of a mutant or receptor truncation, is: 

Bias factor (β) =  

log{[(Emax1× EC502)/(EC501× Emax2)]mutant × [(Emax1× EC502)/(EC501× Emax2)]WT   

where 1 and 2 designate parameters for signaling through pathways 1 and 2, 

designated arbitrarily. 

This equation yields a logarithmic estimation of the relative activity in one 

pathway versus another, e.g. when the bias factor is 1, mutant A is ten times more 

active in pathway X than in pathway Y.  

Results 

A full length model of the CXCR4:CXCL12 signaling complex 

 In the model of the CXCL12:CXCR4 interaction (Figure 5.1), the orientation 

of CXCL12 with respect to CXCR4 is globally consistent with the orientation of 

vMIP-II in the co-crystallized CXCR4:vMIP-II complex. The CRS2 region of the 

interaction is also quite similar to a previous model of the CXCL12:CXCR4 complex 

that we derived before the vMIP-II:CXCR4 crystal structure was available (Kufareva 

at al. 2014). As was the case with the CXCR4:vMIP-II structure, the CRS1 and CRS2 

regions of the complex interaction are not discretely divisible, but rather part of a large 

contiguous interface between the chemokine and receptor (Figure 5.1).  

Novel to this model is the complete N-terminus of CXCR4, as this region was 

not resolved N-terminal to CXCR4 residue Y21 in the CXCR4:vMIP-II structure, and 
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moreover no distal chemokine receptor N-terminus has been solved in any structure to 

date (Kufareva, Gustavsson et al. 2017). Within this previously unknown region of the 

CRS1 component of the complex, residues 1-7 of the receptor are engaged in a β sheet 

interaction with the first β strand of the intramolecular CXCL12 β sheet, thereby 

extending the sheet (Figure 5.1). This interaction is strikingly similar to the β sheet 

portion of the CXC chemokine homodimerization interface. We previously predicted 

the same interaction in the case of the ACKR3:CXCL12 interaction, and we have 

labeled this interaction region CRS0.5 to maintain consistency with the existing 

CRS1/CRS nomenclature (Gustavsson et al. 2017). Proximal to this interaction, the 

CXCR4 N-terminus (CRS1) wraps all the way around the top of CXCL12, descending 

into the conserved PC domain that displays hydrophobic packing against cysteines 9 

and 11 of CXCL12 in the now familiar CRS1.5 interaction (Kufareva et al. 2017). The 

N-terminus of CXCL12 contacts both conserved class A GPCR signal initiation 

residues (e.g. W94, Y116, and E288) and chemokine receptor-specific engagement 

residues such as D97, D187, and D262. (Wescott et al. 2016).     

When the CXCL12:CXCR4 model is compared with crystallized receptor 

chemokine complexes, which to date include vMIP-II:CXCR4 (Qin et al. Science 

2015, PDB ID 4RWS), C3XCL1:US28 (Burg et al. Science 2015, PDB ID 4XT1, 

4XT3), and [5P7]CCL5:CCR5 (Zheng et al. 2017, PDB ID 5UIW), several similarities 

and differences are apparent. For one, the CXCL12:CXCR4 model is similar to the 

vMIP-II:CXCR4 crystal structure in the loose engagement of receptor extracellular 

loops by the chemokines, whereas in the CX3CL1:US28 structure clear contacts 

between the chemokine core and the receptor extra-cellular loops (ECLs) are made, 
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and in the [5P7]CCL5:CCR5 crystal structure there is even more extensive 

engagement, so much so that the buried surface area is 1700 Å2 compared to 1300 Å2 

for vMIP-II:CXCR4 and C3XCL1:US28 (Zheng et al. 2017). Previously, we noted 

that when the three co-crystalized structures are compared, the CRS1.5 interaction 

with the CC/CXC motif cysteines of the chemokine seems to be a conserved “pivot 

point” around which diversity is seen in the CRS1 and CRS2 interactions between 

different chemokine:receptor complexes (Kufareva et al. 2017). This trend is 

continued with the CXCR4:CXCL12 model, as the conserved CRS1.5 interaction is 

clearly seen, but the CRS1 interaction (to the extent it is solved in the crystal 

structures), and even more so the CRS2 interaction, is different in this new model than 

in any of the three co-crystallized complex structures.  

Establishing reliable and clearly interpretable assays to validate the new 

CXCR4:CXCL12 complex model 

Mutagenesis studies of CXCR4 have previously focused on G protein 

signaling (Doranz, Orsini et al. 1999, Brelot, Heveker et al. 2000), so information 

specific to CXCR4’s alternative signaling pathway, originating with β arrestin-2 

recruitment to the receptor (Orsini, Parent et al. 1999), is lacking. Using our model as 

a guide, we tested multiple CRS2 CXCR4 mutants to assess their effects on β arrestin-

2 recruitment, using a BRET2-based β arrestin-2 recruitment assay. In particular cases 

where the G protein signaling data is relevant and either missing, incomplete, or 

unclear due to conflicting previous reports, we also tested mutants in our established G 

protein signaling assay (Kufareva, Stephens et al. 2014), which relies on measurement 
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of calcium as a second messenger in G protein activation. Signaling parameters for all 

mutants tested are listed comprehensively in tables 5.1 and 5.2. 

In order to enable valid comparisons between WT and mutant signaling 

parameters, in particular efficacy, we took care to ensure mutant expression as close as 

possible to WT levels. In the case of BRET, we first ensured that the parameters 

derived from our experiments do not vary substantially within a wide range of WT 

CXCR4-rluc3 expression levels (Figure 5.S1). All of the mutants tested in this study 

expressed well within this range except for a large N-terminal truncation, Δ1-26, and 

D133N, which were severely compromised in expression but just outside the range of 

confirmed expression flexibility for the assay (Figures 5.S2 & 5.S3). We also tested 

the surface expression of all mutants along with WT HA-CXCR4-rluc3 to determine 

whether the ratio of surface to total expression was equivalent. The only mutants with 

major deficits in surface expression are Δ1-26 and D133N, and it appears from 

comparison with WT CXCR4 expression that the low surface expression for these 

mutants is simply a result of low overall expression (Figures 5.S2 & 5.S3). 

In the case of Ca2+ mobilization, several mutants expressed at lower levels than 

WT CXCR4. Unlike BRET experiments, Ca2+ mobilization comparisons are subject to 

misinterpretation when mutant receptors being tested are not expressed at levels 

similar to WT expression. We therefore adjusted the WT expression levels used for 

comparison with mutants in order to accurately determine their effects on G protein 

signaling parameters (Figure 5.S4). This strategy allowed us to obtain signaling data to 

analyze using control data from WT CXCR4 expressed at mutant-comparable levels 
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for all but one mutant, D133N, which expressed too poorly in the CHO Galpha15 

expressing cell line used in the assay to yield analyzable data. 

Residues directly contacting the extreme CXCL12 N-terminus are critical for β 

arrestin-2 recruitment to CXCR4 

The interaction between CRS2 and the disordered N-terminus of CXCL12 has 

long been held to be directly responsible for CXCR4 activation. In our model, 

CXCL12 K1 is revealed to be interacting with CXCR4 D97 through the N-terminal 

amine group, and with CXCR4 E288 through the lysine side chain (Figure 5.2A). This 

concords with the previous mutagenesis data, as it has already been demonstrated that 

mutating or removing CXCL12’s N-terminal lysine (Crump, Gong et al. 1997, Ziarek, 

Kleist et al. 2017), or mutating either D97 or E288 of CXCR4 (Brelot, Heveker et al. 

2000, Kufareva, Stephens et al. 2014), abolishes G protein signaling. We tested both 

D97N and E288Q mutations of CXCR4 in BRET-based β arrestin-2 recruitment 

assays, and both eliminated CXCL12-mediated β arrestin-2 recruitment (Figure 5.2B). 

Residue D187, near the base of the CXCR4 ECL2 hairpin, appears in our model 

positioned to interact with the backbone amines of CXCL12 V3 and S4, and has long 

been known to be important for G protein signaling (Brelot, Heveker et al. 2000, 

Kufareva, Stephens et al. 2014). We observed that D187A mutation rendered CXCR4 

almost completely inactive in β arrestin-2 recruitment as well (Figure 5.2B). Y116 sits 

just underneath CXCL12 and is thought to couple CXCL12:CXCR4 engagement to 

the further intracellular conformational changes within the receptor that ultimately 

allow for G protein coupling and activation. It is well established that Y116A mutation 

abrogates CXCR4’s G protein signaling (Thiele, Mungalpara et al. 2014, Wescott, 
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Kufareva et al. 2016), and we found the same results in the case of β arrestin-2 

recruitment (Figure 5.2B). 

CXCR4 D262 directly engages R8 of CXCL12 in an interaction critical to 

CXCR4 activation 

D262 of CXCR4 is clearly interacting with R8 of CXCL12 in the 

CXCL12:CXCR4 model (Figure 5.3A), and D262 has previously been reported to be 

important for CXCR4 binding and activation by CXCL12 based on mutagenesis data 

(Zhou and Tai 2000, Wescott, Kufareva et al. 2016). We tested a series of D262 

(TM6) mutants (D262A, D262N, D262K, D262R) in the β arrestin-2 recruitment 

assay (Figure 5.3B). D262A, D262K and D262R are nearly abolished in CXCL12-

mediated β arrestin-2 recruitment, while D262N shows a more modest but still severe 

effect (Figure 5.3B). The varying potency effects seen for these mutants is difficult to 

interpret reliably, as the severely compromised efficacy prevents accurate 

determination of EC50 values for all but the D262N mutation. As the existing data 

relevant to G protein signaling effects of D262 mutation is not entirely clear, we also 

tested D262N and D262K in our established G protein signaling assay (Ca2+ 

mobilization) in order to compare results between the two CXCR4 signaling 

pathways. The potency of CXCR4 G protein activation was reduced for D262N and 

even more so for D262K (Figure 5.3C). While both mutants did show reductions in 

the efficacy of G protein signaling, the efficacy effects were not as great as in β 

arrestin-2 recruitment (Figure 5.3C). 

In an alternative model of CXCR4:CXCL12 complex recently published by 

Ziarek et al. (2017), E32 (TM1) was purported to interact directly with R8 of 
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CXCL12. In our model, E32 is not pointed toward CXCL12 at all. To help address 

this discrepancy, we produced E32Q, E32R, and E32K CXCR4 mutations and tested 

them in our β arrestin-2 recruitment assay. E32Q and E32K mutations both displayed 

slight but significant decreases in Emax values, whereas E32R mutation displayed 

slight but significant decreases in both potency and efficacy (Figure 5.3D). 

In order to test the accuracy of our model in such a way as to provide stronger 

evidence than is possible through loss of function mutagenesis studies alone, we 

undertook a strategy of reciprocal charge reversal (Figure 5.4). The goal was to not 

only confirm the importance of the mutated residues through loss of function, but to 

further demonstrate that the pairwise interactions in our model are correct through 

rescue of function when reciprocally charge-reversing mutations of chemokine and 

receptor are combined. We first mutated arginine 8 of CXCR12 to glutamate. This 

CXCL12 mutation dramatically reduced the chemokine’s capacity for activating 

CXCR4, as measured in BRET-based β arrestin-2 recruitment assays (Figure 

5.4A&B). Stimulating cells expressing D262K or D262R CXCR4 with R8E CXCL12, 

however, substantially rescues the miniscule CXCR4 activation seen with R8E 

CXCL12 in combination with WT CXCR4 (Figure 5.4A). While the potency of 

activation for the R8E:D262K/R combinations is weaker than that of the WT 

interaction, it is striking that the efficacy observed approaches full efficacy seen for 

WT CXCL12:CXCR4 signaling. 

In order to address the alternative orientation suggested by Ziarek et al., as well 

as obtain an additional specificity control, we tested the effects of combining E32K/R 

CXCR4 with R8E CXCL12. We observed no rescue of R8E CXCL12 signaling when 
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combined with E32K or E32R CXCR4 (Figure 5.4B). To further rule out the 

possibility that our results were nonspecific and arose solely from changing the net 

charge of the chemokine and receptor binding pocket, we combined R8E CXCL12 

with E277K and E277R CXCR4, but we saw no rescue of R8E signaling for this 

combination (Figure 5.4B). 

CXCR4 E277 directly engages R12 of CXCL12 in an interaction that is 

important for CXCR4 signaling 

CXCR4 residue E277 has also been reported to be important for CXCL12 

binding to CXCR4 (Zhou and Tai 2000), but it should be noted that in the original 

report, expression of mutants was not quantitatively compared to WT CXCR4 

expression, so there was considerable uncertainty in this case. Nevertheless, E277 

clearly interacts with R12 of CXCL12 in the model, thus supporting the importance of 

this residue in forming the CXCL12:CXCR4 complex (Figure 5.4A). Two other 

glutamate residues, E275 in TM7 and E268 in ECL3, also appear close enough to R12 

of CXCL12 to warrant testing for a direct interaction, although E277 is closer. When 

we mutated each of these residues, we observed that neither E275 nor E268 mutation 

(to Q,K, or R) has any major negative effect on β arrestin-2 recruitment, although 

there is a slight deficit in the efficacy observed for E275Q and E275R mutations 

(Figure 5.5A&B). Interestingly, E277 mutation to Q has no significant effect on 

signaling, and E277A shows a slight increase in efficacy, whereas E277K and E277R 

show clear potency and efficacy deficits (Figure 5.5C). When E268 and E275 are 

mutated to arginine along with E277 in the same CXCR4 construct, no additional 

effect is observed beyond that observed with E277 mutation alone (Figure 5.5C). 
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Altogether, these data strongly suggest that E277 alone is important for the interaction 

with CXCL12 R12. At the same time, no effect is seen until the charge of E277 is 

reversed, suggesting this interaction is actually dispensable, and that introducing a 

repulsive interaction in its place destabilizes the chemokine:receptor complex. Again, 

we sought to compare the effects of E277 mutation on β arrestin-2 recruitment to those 

on G protein signaling, as previous G protein signaling data is not clear. The effect of 

E277R mutation in Ca2+ mobilization G protein signaling assay is similar but smaller 

than that seen in β arrestin-2 recruitment experiments (Figure 5.5D). 

In our model, R30 (TM1) extends toward CXCL12 near the CXC motif and 

appears positioned to coordinate CXCR4 TM7 residue E277 as well as to interact with 

the CXCL12 backbone between residue 8 and 9. In order to test the importance of 

R30, we mutated it to both alanine and glutamine, and both mutants demonstrate 

major efficacy deficits in β arrestin-2 recruitment (Figure 5.5E). In Ca2+ mobilization 

G protein signaling assays, signaling is compromised but again the effects, especially 

on efficacy, are much smaller than seen in β arrestin-2 recruitment experiments 

(Figure 5.5F). 

We again employed the charge swap strategy to confirm the pairwise 

interaction between CXCL12 R12 and CXCR4 E277. R12E CXCL12 greatly 

decreases the potency and efficacy of activation, although not to the same extent as 

R8E (Figure 5.6A&B). Similar to the effects of combining D262K/R CXCR4 with 

R8E CXCL12, E277K CXCR4 rescues the signaling of R12E CXCL12 substantially 

(Figure 5.6A). E277R also rescues some of the potency effect of R12E, though 

interestingly, displays a much lower efficacy than E277K when stimulated by R12E 



 123 

CXCL12, and even seems to be less efficacious than WT CXCR4 stimulated with 

R12E CXCL12 (Figure 5.6A). In the alternative model of Ziarek and colleagues, R12 

interacts with CXCR4 D181, so we also tested combinations of R12E with D181K and 

D181R. The D181K/R:R12E combinations further served as a good test of alternative 

orientations in that D181 is on the opposite side of the CXCR4 binding pocket from 

E277. We found no rescue of function when either D181K or D181R were combined 

with R12E CXCL12 (Figure 5.6B). Reversing the additional specificity control used 

before, we also tested the combination of R12E CXCL12 with D262R and D262K 

CXCR4, and again saw no rescue of R12E activity (Figure 5.6B).  

Negatively charged residues in the CXCR4 ECL2 hairpin are 

collectively important for β arrestin-2 recruitment efficacy 

 Extra-cellular loop 2 (ECL2) of CXCR4 contains three negatively charged 

residues (E179, D181, and D182) in the β hairpin region, which in our model are 

proximal to K27 and R41 of CXCL12 (Figure 5.7A). It has been previously reported 

that a charge-neutralizing mutation of the β hairpin region of CXCR4 ECL2 has a 

major negative effect on receptor G protein signaling (Doranz, Orsini et al. 1999). In 

order to assess the importance of ECL2 for receptor activation, and to determine the 

contribution of each ECL2 hairpin residue to the interaction, we mutated E179, D181, 

and D182 of the CXCR4 ECL2 hairpin to alanine, lysine, and arginine. No significant 

effects were observed for any of the E179 mutations (Figure 5.7B). Of three D182 

mutants (A,K,R) only D182R showed an effect, in this case purely on efficacy (Figure 

5.7C). Three D181 mutations (A,N,K) produce very similar but small effects on 
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efficacy, and D181K shows a slight but significant effect on potency as well (Figure 

5.7D). The most impactful single point mutation was D181R, which reduced efficacy 

by 34%.  Combined hairpin mutations, in which E179, D181, and D182 are all 

mutated to either lysine or arginine, severely impaired the efficacy of β arrestin-2 

recruitment, reducing it to just 39 and 25 percent of WT Emax respectively (Figure 

5.7D). Interestingly, G protein signaling for the combined hairpin lysine mutant is 

only slightly reduced in efficacy but shows a greater potency effect than in β arrestin-2 

recruitment, while D181K alone shows no significant effect at all in Ca2+ 

mobilization (Figure 5.7E).  

There have also been reports that N176, also present in ECL2, is glycosylated 

and that this modification is important for CXCL12 binding affinity (Zhou and Tai 

1999). It is not apparent from the model how such a receptor modification would aid 

in CXCL12 recognition. We found that the N176A mutation has no effect on β 

arrestin-2 recruitment to CXCR4 (Figure 5.7F). 

Mutating CXCR4 residues involved in G protein coupling results in opposite 

effects on G protein activation and β arrestin-2 recruitment 

The conserved DRY motif in the intracellular region of TM3 is well known for 

its importance in the G protein coupling of class A GPCRs generally, and the central 

R3.50 residue was revealed to participate directly in G protein coupling when the 

structure of the β2 adrenergic receptor-Gs complex was solved (Rasmussen, DeVree et 

al. 2011). We tested R134A and D133N mutations of CXCR4 in both β arrestin-2 

recruitment and G protein signaling assays. R134A showed clear constitutive activity 

in β arrestin-2 recruitment, and nevertheless displayed a higher CXCL12-mediated 
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efficacy and stronger potency than WT CXCR4 (Figure 5.8A&B). In Ca2+ 

mobilization experiments, the efficacy of R134A signaling was reduced but not 

abrogated (Figure 5.8C). D133N on the other hand showed an approximately 50% 

reduction in β arrestin-2 recruitment efficacy and interestingly, an increase in potency 

(Figure 5.8A). As noted we were unable to obtain analyzable Ca2+ mobilization data 

for D133N due to extremely low expression in the cells utilized for the assay.  

Transmembrane helix V mutations cause impaired β arrestin-2 recruitment 

through unknown mechanisms 

We tested the effects on β arrestin-2 recruitment of mutating W195 and Q200 

(TM5), as we previously discovered that the corresponding residues in the related 

CXCL12-binding atypical chemokine receptor ACKR3 (W208 and E213 respectively) 

are important for both the potency and efficacy of CXCL12-mediated arrestin 

recruitment (Gustavsson, Wang et al. 2017). In the CXCL12:CXCR4 model, neither 

residue appears to interact with any region of CXCL12 in the model, and are pointed 

away from the receptor core entirely, as they are in the model of the ACKR3:CXCL12 

complex we reported (Gustavsson et al. 2017) (Figure 5.9A). In the case of CXCR4, 

W195A and Q200D mutations both impair efficacy in β arrestin-2 recruitment, with 

W195A reducing it by >50% (Figure 5.9B). The potency of W195A CXCR4 

activation is also impaired.  

Proximal charged residues in the N-terminus of CXCR4 are important for the 

potency CXCL12-mediated β arrestin-2 recruitment to CXCR4 

According to the CRS1/CRS2 hypothesis, the N-terminus of CXCR4 has long 

been thought to be crucial solely for CXCL12 affinity. In this longstanding model of 
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chemokine receptor activation, the receptor N-termini are involved purely in 

chemokine binding, and not in the activation of the receptor directly. In the 

CXCL12:CXCR4 model, clear charge complementarity can be seen for the proximal 

region of CRS1 as it wraps around the CXCL12 globular domain, contacting residues 

from the N-loop, the 40s loop, and the C-terminal helix of the chemokine, while the 

distal N-terminus (CRS0.5) forms a β strand extending the intramolecular CXCL12 β 

sheet (Figures 5.10A & 5.11A). Specifically, CXCR4 E26 interacts with CXCL12 

R47, K25 interacts with CXCL12 E15 (of the RFFESH motif, long thought to be 

involved in binding the CXCR4 N-terminus), CXCR4 D22 interacts with CXCL12 

H17 (also of the RFFESH motif), the putative sulfate group attached to CXCR4 Y21 

interacts with CXCL12 R20, and CXCR4 D20 interacts with K56 of CXCL12 (Figure 

5.10A). We tested mutations of each of these CXCR4 residues, as well as a combined 

mutant with all of these residues mutated to alanine, for their effects in β arrestin-2 

recruitment. Consistent with the CRS1/CRS2 hypothesis as well as previous G protein 

signaling results of CXCR4 N-terminal mutation, all of the mutated residues showed 

effects on potency (Figure 5.10B-G). Although there were slight reductions in efficacy 

(none greater than 20%), it is difficult to be certain that failure to reach saturation was 

the cause of slight apparent efficacy deficits in these cases, as testing higher 

concentrations of CXCL12 than those used is complicated by CXCL12 

homodimerization. Specifically, dimeric CXCL12 does not recruit β arrestin-2 to 

CXCR4, so reduced β arrestin-2 recruitment is seen at super-saturating CXCL12 

concentrations as significant amounts of CXCL12 dimer is formed (Ziarek et al. Sci 

Signal. 2017). The one notable partial exception to the pattern for these residues was 
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K25. K25A showed a slight and reproducible but insignificant increase in potency 

compared to WT, and K25D showed a clear reduction in efficacy to ~70% WT level 

(Figure 5.10E). In the case of D20 and E26, alanine mutation alone did not suffice to 

significantly affect observed EC50 values, and charge-reversing mutations were 

required to significantly shift the EC50 (Figure 5.10B&F), whereas in the case of Y21 

and D22, alanine mutations did significantly affect EC50 values, and charge-reversing 

mutations [Y21 is considered a negatively charged residue in this context as it has 

been demonstrated to be tyrosine phosphorylated (Farzan, Babcock et al. 2002)] 

shifted the observed EC50s to an equal or greater extent (Figure 5.10C&D). 

When all of the alanine mutations are combined, the potency effect is greater 

than that of any one mutation alone, and there is no effect on efficacy (Figure 5.10G). 

Interestingly, the effects are not additive, and the effect of mutating all of the residues 

to alanine is not much greater than for Y21A mutation alone. These results are 

consistent with the large contiguous chemokine:receptor interface in that even 

disrupting all of the proximal CRS1 interaction is limited in its effect. It should also be 

noted that CXCR4 can be activated even when the CRS1 interaction is absent 

(Loetscher, Gong et al. 1998), so it is difficult to predict what the maximum effect of 

combining CRS1 mutants should be in any particular assay.  

The full N-terminus of CXCR4, including CRS0.5, is important for the efficacy of 

β arrestin-2 recruitment 

In order to definitively assess the contribution of the CRS1 interaction to 

CXCL12-mediated β arrestin-2 recruitment to CXCR4, we truncated the first 26 

residues of the CXCR4 N-terminus, eliminating all residues N-terminal to the PC 



 128 

CRS1.5 motif that divides CRS1 from CRS2. Surprisingly, we observed an almost 

complete elimination of signaling efficacy when the N-terminus of CXCR4 was 

truncated, along with the expected potency shift on the same order as the combined 

CRS1 alanine mutant (Figure 5.11B).  

The CRS0.5 β sheet-extending interaction present in the model is very similar 

to the CRS0.5 interaction we predicted for the CXCL12:ACKR3 interaction, but we 

did not at the time ascertain its functional significance. In light of the surprising 

efficacy depletion upon CRS1 truncation, and as the proximal charged CRS1 residues 

do not seem to be involved in efficacy when the point mutation data is considered, we 

decided to test the functional importance of this newly hypothesized CRS0.5 

interaction. When only the first seven residues of CXCR4 were truncated, a lesser but 

still significant reduction in efficacy was observed for this narrow CRS0.5 truncation, 

with no potency change in this case (Figure 5.11B). To investigate further, we created 

several additional N-terminally truncated CXCR4 constructs beginning at residues 11, 

16, 20, and 26. We observed a clear trend towards increasingly reduced efficacy for 

longer CXCR4 truncations, with nearly all of the decrease in efficacy observed by 

truncation to residue 15 (Figure 5.11B). At the same time, the potency changes seen 

with the full CRS1 (residues 1-26) truncation do not begin to appear until truncation 

beyond residue 15. Not surprisingly for large N-terminal truncations, we noted that the 

Δ1-19 and Δ1-26 CXCR4 constructs were impaired in their expression (Figure 5.S3), 

and Δ1-26 in particular was severely impaired. Nevertheless, as discussed above, Δ1-

19 expressed well within a range for which our assay yields reliable signaling 

parameter determinations, and Δ1-26 was just at the edge of this range. In any case if 
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Δ1-26 is excluded from consideration out of caution, the clear pattern in the truncation 

results is just as emergent.   

In order to assess the effects of truncating the CXCR4 N-terminus on G protein 

signaling, we tested CXCR4 Δ1-10, Δ1-15, and Δ1-25 in our Ca2+ mobilization G 

protein signaling assay. The Δ1-15 and Δ1-25 truncations of CXCR4 were impaired in 

expression in the CHO Ga15 cells, but we were able to adjust WT expression levels to 

similar levels for comparison. After adjusting WT expression levels to match the 

impaired expression seen for the truncations, we observed only potency effects for all 

three truncations (Figure 5.11C). The discrepancy between efficacy in G protein 

signaling and β arrestin-2 recruitment is particularly striking in the case of Δ1-15 and 

Δ1-25 CXCR4. 

Quantifying the apparent bias seen when visually comparing β arrestin-2 

recruitment and G protein signaling results 

Given the discrepancy in efficacy determinations for the truncations of CXCR4 

between the two assays, it was essential to determine whether the unpredicted effects 

of removing the CRS1 component of the CXCL12:CXCR4 interaction were in fact 

biased, i.e. whether they reflect an effect selective to one signaling pathway over the 

other, in this case β arrestin-2 recruitment. While the results appear clearly biased for 

Δ1-15 and Δ1-25 CXCR4, an essential consideration is that our BRET-based β 

arrestin-2 recruitment assay is a 1:1 quantification of the extent of receptor:arrestin 

interaction, whereas Ca2+ mobilization is a measurement of an amplified second 

messenger downstream of the receptor in its signaling pathway. Often when assaying 

an amplified second messenger, the maximal signal achievable in the assay is reached 
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before all receptors are activated, which can obscure from analysis the true receptor-

intrinsic efficacy (Ehlert, Griffin et al. 1999, Rajagopal, Ahn et al. 2011). In the case 

of bias calculations when ligands are compared to a reference agonist, or when 

mutants are compared to WT receptor, a simple method has been developed to account 

for amplification effects (Ehlert, Griffin et al. 1999, Griffin, Figueroa et al. 2007, 

Ehlert 2008, Rajagopal, Ahn et al. 2011), and we took advantage of this method in 

order to estimate bias for all mutants for which we had both arrestin recruitment and G 

protein signaling data.  

When the signaling parameters derived from our data are used to quantify 

signaling bias caused by mutation (relative to WT signaling) by the equiactive bias 

estimation method, the Δ1-25 CXCR4 truncation does indeed appear to be weakly 

biased toward G protein activation, or in other words selectively compromised in β 

arrestin-2 recruitment (Table 5.3). However, the Δ1-10 and Δ1-15 truncations are not 

quantitatively biased by this estimation. Interestingly, when reconsidering all mutants 

from which both G protein and arrestin signaling data were derived, both D262N and 

D262K are quantitatively biased toward G protein activation, even more so than Δ1-25 

CXCR4. E277R also displays bias toward G protein activation, though the bias factor 

is smaller in this case. The ECL2 mutant D181K and the EADD-KAKK ECL2 hairpin 

combined mutant both appear to be weakly biased, with bias factor value of 0.19 

towards G protein activation, but the uncertainty in the determination makes 

confidence impossible here. As is apparent from visual inspection of the signaling 

results, and therefore serving as a sort of positive control for the bias determinations, 

R134A mutation renders CXCR4 strongly β arrestin-2 recruitment-biased, with the 
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largest bias factor value of any mutant tested (and the only one that is appreciably β 

arrestin-2-biased at all). The remaining CXCR4 mutations tested in both assays, 

R30Q, Y21R, and the combined D20,Y21,D22,K25,E26 alanine mutant all yielded 

near-zero bias factors. The full results of bias calculations are listed in table 5.3. 

Discussion 

 The model presented herein is among the first full length CXCR4:CXCL12 

complex models, and has the strongest support in the form of reciprocal charge 

reversal rescue of function data. Given the well-established set of inactivating 

mutations known for CXCR4, it is not surprising that several models implicate these 

residues in interactions with CXCL12. Obviously, the multiple models that all purport 

to describe the interaction between CXCR4 and CXCL12 cannot all be correct, given 

their wide variation in the orientation of CXCL12 with respect to CXCR4. The 

uncertainty inherent in this situation of multiple conflicting models necessitates 

holding the models up to more stringent testing with methods that provide stronger 

evidence than traditional loss of function mutagenesis. Here, we use a “charge swap” 

strategy to go beyond loss of function, and demonstrate not just that the residues 

engaged in our model are important, but that they interact in the pairwise manner 

suggested by our model. In the case of both R8E and R12E CXCL12 mutations, 

activation of WT CXCR4 is severely impaired, and charge-reversing mutation of the 

interacting CXCR4 residue from the model was able to rescue receptor activation 

remarkably. Not all interaction residues in CXCR4 are amenable to such a strategy, 

such as deeper residues that when mutated render CXCR4 permanently inactive and 
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CRS1 residues that when mutated don’t produce signaling deficits great enough to 

rescue. Thus we argue that our two interacting pairs, D262:R8 and E277:R12, provide 

the strongest support possible for our model in the form of functional data, especially 

for the CRS2 region of the interaction.  

As expected, key CXCL12 engagement and receptor activation initiation 

residues known to be crucial to orienting CXCL12 N-terminus in the CXCR4 binding 

pocket and translating its binding to receptor activation (Wescott et al. 2016) all render 

CXCR4 dead or near dear when mutated. For all of these residues, there was existing 

evidence their mutation critically impaired G protein signaling. With the new charge 

swap validated CXCL12:CXCR4 model, we are able for the first time to confidently 

rationalize these results in terms of the particular interactions within the complex that 

are perturbed when each residue is mutated. The critical N-terminal lysine of 

CXCL12, for example, is an absolute requirement for CXCR4 activation, and so it is 

not surprising to see that it likely engages both D97 and E288 of CXCR4 in activating 

the receptor, as both residues are also absolute requirements for receptor activation, 

with even neutral mutation completely inactivating CXCR4. Nearly two decades ago, 

a seminal report on CXCL12 by Crump and colleagues (1997), glycine addition to the 

CXCL12 N-terminus was found to increase the potency of receptor activation rather 

than diminish activity, and the authors concluded that the CXCL12 K1 side chain, and 

not its N-terminal amine group, is critical for CXCR4 activation. Indeed, in the present 

model, D97 is a chemokine receptor-specific “engagement residue” that binds to the 

N-terminal amine of CXCL12 K1 directly and positions its side chain for interaction 
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with E288, which in turn is directly involved in initiating the activation of CXCR4 

(Wescott et al. 2016). 

The proline at position 2 of CXCL12 is interesting in that its mutation to 

glycine creates an antagonist variant of CXCL12 with near-WT affinity (Crump et al. 

1997). In the model we can see that CXCL12 P2 engages in interactions with W942.60 

and Y116, both of which are involved in initiating the activation of CXCR4 upon 

CXCL12 binding along with E288 (Wescott et al. 2016). Again, returning to the 

original report of CXCL12 mutation effects, V3I mutation did not disrupt and in fact 

aided in CXCL12-mediated CXCR4 activation. We can now see that the critical D187 

interaction with the CXCL12 N-terminal backbone at V3 allows for this flexibility in 

residue 3 side chain size. The side chain of V3 itself reaches toward an area of the 

CXCR4 major binding pocket with relatively neutral charge created by residues I259 

and I284. From this region of the model it is very understandable that the V3I 

mutation would lead to an even better fit for the CXCL12 N-terminus. 

The chemokine engagement structural role of CXCR4 D262, including its 

binding to CXCL12 R8 specifically, has been argued previously (Wescott et al. 2016). 

Here, we present what is to our knowledge the most clearly interpretable signaling 

data for D262 mutant CXCR4 from β arrestin-2 association experiments. The effect of 

D262 mutation is less severe, when considering the charge-eliminating asparagine 

mutation, than that of the core CRS2 signal initiation residues E288 and Y116, or even 

the other chemokine engagement residues D97 and D187, both of which eliminate 

signaling when mutated to uncharged residues. Nevertheless the chemokine-

engagement interaction between CXCR4 D262 and CXCL12 R8 is clearly important, 



 134 

as a large potency shift and drop in efficacy are seen for D262N and both alanine and 

charge-reversing mutations do eliminate the vast majority of receptor signaling. The 

D262N and D262K mutations also produced significant negative effects on both 

potency and efficacy in G protein signaling, with D262K again displaying a much 

larger effect. 

Both the similarities and differences between the charge swap pair results are 

interesting. In the case of both R8E and R12E, swapping the charge of the interacting 

CXCR4 residue substantially rescues the severe potency deficit of the chemokine 

mutant, but the mutant combination is still less potent than the rescuing CXCR4 

mutant alone (i.e. stimulated with WT CXCL12). Considering the relative sizes of the 

CXCR4 binding pocket and the CXCL12 N-terminus, the disproportionate effect on 

the effectiveness of either binding interface upon single residue charge reversal seems 

reasonable. The apparent differences between the two charge swap pairs are seen in 

the efficacy effects. Mutating D262 of CXCR4 to a basic residue produces a major 

efficacy deficit, eliminating receptor activation almost entirely, and the R8E CXCL12 

mutation rescues this loss of efficacy remarkably, perhaps entirely to 100% of WT 

levels, though we cannot be sure due to the failure to achieve full saturation for the 

combination. This supports the critical “engagement” role for the R8:D262 interaction 

in orienting the CXCL12 N-terminus correctly for receptor activation deeper within 

CRS2. In the case of E277 mutation, only a minor efficacy deficit is observed to begin 

with, and it doesn’t seem to be rescued substantially by chemokine mutation, though 

the modeled Emax for E277K:R12E combination is 79% of WT, which is slightly 

higher than 74% for E277K mutation alone. Making interpretation even more difficult, 
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the efficacy determination for E277K:R12E combination is questionable as the 

interaction again does not quite reach saturation. In fact, due to the severity of the 

potency effects, we cannot be certain as to the nature of either CXCL12 mutation on 

efficacy. As neither mutant was able to achieve saturation of CXCR4 even at the 

highest concentrations used, and we are limited in exploring this further, as testing 

higher CXCL12 concentrations in β arrestin-2 recruitment assays leads to artificially 

lower efficacy due to CXCL12 homodimerization (Ziarek et al. 2017), it is entirely 

possible that one or both mutants primarily or even solely affect(s) potency (although 

that seems highly unlikely for the R8E mutant given the D262K and D262R results).  

It is notable that even charge-eliminating R30 mutation has a greater effect on CXCR4 

efficacy than E277 charge-reversing mutation. In the model, R30 appears positioned to 

interact with both E277 of CXCR4 and with the carbonyl group of CXCL12 R8. 

Therefore, while the charge swap results strongly support the R8:D262 and R12:E277 

pairwise interactions, the position of R30 in the complex may provide for additional 

stabilization that is important to both CXCL12 N-terminal engagement interactions. 

Returning to the charge swap results, if the efficacy effect of E277 charge-reversing 

mutation primarily results from disrupting R30 coordination, it would make sense that 

R12E CXCL12 does not substantially reverse this effect (i.e. R12E CXCL12 does not 

rescue the efficacy of E277K CXCR4 signaling) even if the interaction with CXCR4 

residue 277 is rescued, while at the same time E277K CXCR4 mutation would still be 

expected to rescue the severe potency deficit seen for R12E CXCL12. In any case, it 

seems clear that the R12:E277 interaction itself is more dedicated toward potency of 
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the interaction than efficacy when compared to the other chemokine engagement 

interactions discussed so far. 

The second extracellular loop of CXCR4 is not close enough to CXCL12 in 

the model to warrant assignment of specific interactions, but the three acidic residues 

of the ECL2 beta hairpin, E179, D181, and D182, are proximate to the beta sheet 

region of CXCL12 and are closest, in terms of oppositely charged residues, to K27 

and R41 of CXCL12. When each residue is mutated in isolation, only D181 mutants 

are consistently impaired in signaling, and only D181R mutation leads to a >25% 

reduction in efficacy. However, when all three residues are charge reversed together, a 

major effect in efficacy is observed (>60% reduction for lysine mutations and 75% 

reduction for arginine). Considered along with the distance between CXCL12 and the 

ECL2 hairpin region in the model, these data seem to suggest an important but flexible 

region of the CXCL12:CXCR4 interaction, in which the stretch of acidic residues in 

the CXCR4 ECL2 hairpin provide somewhat redundant and somewhat additive 

affinity for CXCL12, allowing for some compensation when only one is mutated. 

Finally, although ECL2 has been reported to undergo a glycosylation event that is 

important for CXCL12 binding (Zhou and Tai 1999), we find no evidence for the 

importance of N176 in CXCL12-mediated CXCR4 activation. 

The conserved DRY motif within class A GPCRs has long been know to be 

important to their activation. The aspartate (133) and arginine (134) of the DRY motif 

in CXCR4 may engage in an interaction analogous to the Asp3.49-Arg3.50–Glu6.30 

salt bridge originally discovered in rhodopsin (Palczewski, Kumasaka et al. 2000) and 

suspected for B2AR (Valentin-Hansen, Groenen et al. 2012) in order to maintain the 
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receptor in the inactive state. While the corresponding TM6 residue is not acidic in 

CXCR4, and therefore the interaction cannot be a true “ionic lock”, water-mediated 

interaction may allow for a polar version of the interaction. The conserved arginine, 

R3.50, is directly involved in G protein binding in the crystal structure of 

β2 adrenergic receptor in complex with Gs (Rasmussen et al. 2011). Mutation of the 

conserved TM2/ICL3 arginine in many class A GPCRs renders them inactive, and a 

reduction in G protein signaling has been reported for CXCR4 R134 mutation 

specifically (Berchiche, Chow et al. 2007, Wescott, Kufareva et al. 2016) (Berchiche 

et al. JBC 2006, Wescott et al. Proc Natl Acad Sci U S A. 2016). Aspartate 3.49 

mutation to asparagine was also tested previously and resulted in no change compared 

to WT G protein signaling (Berchiche et al. JBC 2006). 

Here, we observe that R134A mutation in CXCR4 actually produces a highly 

constitutively active receptor, and in some way also allows for potent and efficacious 

CXCL12-meidiated β arrestin-2 recruitment in addition to the observed steady state 

constitutive association. At the same time, G protein activation as measured by Ca2+ 

signaling is impaired but not abrogated. The simplest explanation here seems to be one 

in which R134A mutation selectively impairs G protein coupling (due to the direct 

role of R3.50 in G protein binding) while also rendering the receptor constitutively 

active (due to its role in maintaining inactive state), thus generating a β arrestin-biased 

form of constitutive activity. However, it is in fact difficult to experimentally 

distinguish a β arrestin-2 biased constitutively active receptor from a generally 

constitutively active one, as β arrestin-2 recruitment is a later and longer lasting step in 

receptor signaling and would thus predominate in observation in either case. This is 
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especially true given the Ca2+ mobilization method we are using to measure G protein 

signaling, which is not well designed to detect constitutive activity. Our results here 

may reflect an inaccessibility of constitutively active R134A CXCR4 to G proteins 

due to preoccupation with other steps in signaling (as well as the transient nature of 

Ca2+ mobilization) more than a reduction in G protein coupling competency. It is also 

particularly difficult to interpret the BRET results in this case as the large CXCL12-

meidated BRET change may actually represent conformational changes within pre-

associated receptor:arrestin complexes. Although we are not able to fully interpret 

these results, we are currently undertaking follow-up studies to understand the 

structure and interactions of the constitutively active R134A CXCR4 mutant. 

Two residues in TMV, W195 and Q200, show substantial effects on signaling 

when mutated. As we mentioned in Gustavsson et al. (2017), in which the same 

residues had large effects when mutated in ACKR3, these findings suggest allosteric 

involvement of residues at these positions in chemokine receptor activation, as they 

are not directly involved in the binding pocket or the signaling core of the receptor. It 

is interesting that both residues are present in the vicinity of the crystallographic 

CXCR4 homodimer interface, and W195 is directly involved in the interface (Wu, 

Chien et al. 2010). In a study of the effects of various mutations on CXCR4 

homodimerization, W195A was the sole single residue mutation that yielded effects 

on dimerization affinity as observed by BRET-based GPCR dimerization assays 

(Kufareva, Stephens et al. 2013). While evidence for functional significance of class A 

GPCR homodimerization has remained elusive, and we do not suggest any firm 

conclusions here, our data are nonetheless consistent with the homodimerization 
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interface of chemokine receptors being allosterically involved in their activation in 

some way. 

The large effects on efficacy in β arrestin-2 recruitment of the N-terminal 

CXCR4 truncations are both unexpected and intriguing. Given that CRS1 is unlikely 

to be directly involved in the intra-molecular conformational change corresponding to 

CXCR4 activation, it is possible that CRS1 functions to enwrap CXCL12 and extend 

the lifetime of the active complex. Similar explanations have been discovered to 

underlie varying efficacies of agonists of other GPCRs (Sykes, Dowling et al. 2009, 

Sykes, Riddy et al. 2014). At the very least, our data reveal that the functional 

assumptions made about the CRS1 component of the CXCL12:CXCR4 interaction, 

namely that CRS1 only contributes purely binding affinity to the complex and is 

uninvolved in signaling efficacy, is overly simplistic when all of receptor signaling is 

considered. We are currently preparing several complementary experimental 

strategies, including equilibrium and kinetic radio-ligand binding experiments and 

single molecule receptor conformation experiments, in order to understand the 

structural basis for this surprising functional role of CRS1 and the newly modeled 

CRS0.5 region of the CXCL12:CXCR4 complex.  

We were intrigued by the multiple cases of mutants and truncations that 

seemed to show more pronounced effects in arrestin signaling experiments. One 

complicating factor in interpreting these findings is the possibility of “receptor 

reserve” in our calcium mobilization assays of G protein activation (Rajagopal et al. 

2011). Put simply, these assays rely on the measurement of a greatly amplified second 

messenger (Ca2+), so efficacy changes may not be observed because the maximal 
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signal achievable in the assay is reached without activating all receptors on the cell 

surface, obscuring intrinsic receptor activation efficacy differences from experimental 

observation. Nevertheless, we took advantage of a bias estimation method known as 

the “equiactive” comparison method, which corrects for varying levels of signal 

amplification between assays (Ehlert et al. 1999, Griffin et al. 2007, Ehlert 2008, 

Rajagopal et al. 2011). When bias is estimated using the signaling parameters for all of 

the mutants that we tested in both β arrestin-2 and G protein signaling activities, 

several mutants appear to be biased, i.e. are impaired in one signaling pathway more 

than the other. Obviously R134A is a β arrestin-2 biasing mutation in CXCR4, so it is 

reassuring that it is estimated to be the most strongly biased of the mutants we tested. 

Among the CXCR4 truncations 1-10, 1-15, and 1-25, only 1-25 is quantitatively 

biased, indeed towards G protein signaling (i.e. away from arrestin association). In 

addition, D262N, D262K, and E277R all appear to be biased toward G protein 

signaling as well, whereas ECL2 mutants D181K and EADD-KAKK may be weakly 

biased in the same direction, though it is impossible to be sure due to the large error 

inherent in the estimation. There are both structural (Reiter, Ahn et al. 2012, Wacker, 

Wang et al. 2013) and temporal (Sykes, Riddy et al. 2014, Klein Herenbrink, Sykes et 

al. 2016) explanations that are possible in the case of bias signaling, and we are 

currently preparing experiments in pursuit of the explanation for the biased effect of 

these CXCR4 perturbations on arrestin engagement. 
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Figures and Tables 

Figure 5.1.  A full length model of the CXCL12:CXCR4 signaling complex. General regions 
of CRS1, CRS1.5, and CRS2 are labeled along with the more recently predicted CRS0.5 
interaction component.  
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Figure 5.2. Mutating CRS2 residues known to be critical to G protein signaling abrogates β 
arrestin-2 recruitment as well. (A) Close-up and isolated view of the extreme CXCL12 N-
terminus engaged with the CXCR4 binding pocket. The chemokine N-terminus (green) is 
shown as sticks and the receptor (grey) are shown with cartoon rendering for simplicity. The 
signal initiation residues Y116 and E288 as well as the engagement residues D97 and D187 
are highlighted by additional stick rendering to emphasize their interactions with the CXCL12 
N-terminus. (B) CXCL12 concentration response BRET-based β arrestin-2 recruitment data 
for D97N, Y116A, D187A, and E288Q.  Cells co-expressing either WT or mutant CXCR4 
fused C-terminally to RLuc3 along with GFP10-β arrestin-2 were exposed to varying 
concentrations of WT CXCL12 for 30 minutes before their luminescence at both donor 
(RLuc3) and acceptor (GFP10) emission maxima measured. WT CXCR4 was included in 
every experiment to allow for normalization. Data represent the normalized mean values from 
at least three independent experiments (± SEM), each performed in duplicate. Curves were 
modeled using the four-parameter agonist response equation available in GraphPad PRISM.  



 148 

 

Figure 5.3. Residue D262 of CXCR4 is important for potent and efficacious CXCL12-
mediated receptor activation. (A) Close-up view of the modeled interaction between CXCL12 
R8 and CXCR4:D262. CXCR4 residue. E277R and is also shown in its nearby interaction 
with CXCL12 R12. (B) CXCL12 concentration response BRET-based β arrestin-2 recruitment 
data for a series of D262 mutations, show alongside WT results. (C) CXCL12 concentration 
response Ca2+ mobilization data shown alongside WT results. Cells expressing mutant 
receptors were tested alongside cells expressing comparable levels of WT CXCR4 to allow for 
normalization and correct interpretation. CHO Gα15 stable cells expressing WT, D262N, or 
D262K CXCR4 were stimulated with varying concentrations of CXCL12 in the presence of 
FLIPR4 Ca2+-sensitive fluorescent dye immediately before fluorescence reading were taken. 
Cells expressing mutant receptors were tested alongside cells expressing comparable levels of 
WT CXCR4 to allow for normalization and correct interpretation. Data represent the 
normalized mean values from at least three independent experiments (± SEM), each 
performed in triplicate. Curves were modeled using the four-parameter agonist response 
equation available in GraphPad PRISM. (D) CXCL12 concentration response BRET-based β 
arrestin-2 recruitment data for Q, K, and R mutations of CXCR4 E32 shown with WT data for 
comparison. Only minor effects are seen for these mutants. 
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Figure 5.4. R8E mutation in CXCL12 severely impairs β arrestin-2 recruitment, and 
recruitment is greatly rescued by both D262K and R mutations in CXCR4. (A) β arrestin-2 
recruitment data obtained by stimulating (red) WT CXCR4 with R8E CXCL12, (black) WT 
CXCR4 with WT CXCL12, (dark blue) D262K CXCR4 with R8E CXCL12, and (light blue) 
D262K CXCR4 with R8E CXCL12. (B) β arrestin-2 recruitment data obtained by stimulating 
(black) WT CXCR4 with WT CXCL12 or (red) WT CXCR4, (purple) E32R CXCR4, (green) 
E32K CXCR4, (magenta) E277K CXCR4, and (orange) E277R with R8E CXCL12. The data 
throughout represent the normalized mean values from at least three independent experiments 
(± SEM), each performed in triplicate, and are plotted as normalized to maximal WT:WT 
activity in the assay. The same combined WT:WT and R8E CXCL12:WT CXCR4 datasets are 
shown in both panels.	
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Figure 5.5. Mutagenesis targeting both R30 and E277 impairs CXCR4 signaling, supporting 
the engagement of both residues with the CXCL12 N-terminus as predicted in the model. 
CXCL12 concentration response BRET-based β arrestin-2 recruitment data showing that 
mutating either E268 (A) or E275 (B) (both proximal to R12 of CXCL12 in the model) 
produces no notable differences in signaling. (D) β arrestin-2 recruitment data demonstrates 
that charge-reversing mutation of CXCR4 E277 reduces signaling. Mutating glutamates 268, 
275, and 277 in the same receptor construct produced no additional decrease in signaling. (E) 
CXCL12 concentration response Ca2+ mobilization data for E277R CXCR4 shown alongside 
WT results. CHO Gα15 stable cells expressing WT or E277R mutant CXCR4 were stimulated 
with varying concentrations of CXCL12 in the presence of FLIPR4 Ca2+-sensitive fluorescent 
dye immediately before fluorescence reading were taken. Cells expressing mutant receptors 
were tested alongside cells expressing comparable levels of WT CXCR4 to allow for 
normalization and correct interpretation. (F) β arrestin-2 recruitment data for R30A and R30Q 
mutants of CXCR4. Both mutations have a major effect on efficacy whereas only R30A seems 
to affect potency. (G) CXCL12 concentration response Ca2+ mobilization data for R30Q 
CXCR4 shown alongside WT results. In the case of β arrestin-2 recruitment experiments, Data 
represent the normalized mean values from at least three independent experiments (± SEM), 
each performed in duplicate. In the case of Ca2+ mobilization data, data represent the 
normalized mean values from at least three independent experiments (± SEM), each 
performed in triplicate. In both cases curves were modeled using the four-parameter agonist 
response equation available in GraphPad PRISM.  
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Figure 5.6. Mutating R12 of CXCL12 to glutamate severely impairs its activation of CXCR4, 
and this effect is substantially reversed by charge-reversing mutation of CXCR4 residue E277. 
(A) CXCL12 concentration response BRET-based β arrestin-2 recruitment data obtained by 
stimulating (black) WT CXCR4 with WT CXCL12 or (red) WT CXCR4, (magenta) E277K 
CXCR4, and (blue) E277R CXCR4 with R12E CXCL12. (B) β arrestin-2 recruitment data 
obtained by stimulating (black) WT CXCR4 with WT CXCL12 or (red) WT CXCR4, (blue) 
D181K CXCR4, (green) D181R CXCR4, (orange) D262K CXCR4, and (maroon) D262R 
CXCR4 with R8E CXCL12. The data throughout represent the normalized mean values from 
at least three independent experiments (± SEM), each performed in triplicate, and are plotted 
as normalized to maximal WT:WT activity in the assay. The same combined WT/WT and 
R12E CXCL12/WT CXCR4 datasets are shown in both panels.  
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Figure 5.7. Negatively charged residues in ECL2 of CXCR4 are important for the efficacy of 
arrestin recruitment. (A) Close-up of the CXCL12:CXCR4 model where ECL2 engages with 
CXCR4. The interactions here are not clear as this region of CXCR4 does not closely engage 
CXCL12 in the model, but the basic residues K27 and R41 present in the β-sheet domain of 
CXCL12 may attract the negative charge at the tip of CXCR4 ECL2. (B) β arrestin-2 
recruitment CXCL12 concentration response data for mutants of CXCR4 residue E179, 
showing no differences in signaling from WT CXCR4 even when E179 is charge-reversed. 
(C) β arrestin-2 recruitment concentration response data for mutants of CXCR4 residue D182. 
D182A appears to have slightly improved efficacy, whereas D182K shows no effect and 
D182R is slightly impaired in efficacy. (D) β arrestin-2 recruitment CXCL12 concentration 
response BRET data for mutants of CXCR4 residue D181 as well as combined charge-
reversing mutations of E179, D181, and D182. Effects on efficacy are seen for all D181 
mutations, with D181R showing a particularly strong effect. The combined charge-reversing 
mutations both severely impaired the efficacy of β arrestin-2 recruitment. (E) Ca2+ 
mobilization CXCL12 concentration response data for D181K and the combined triple lysine 
mutant reveal much milder effects on G protein signaling (F) β arrestin-2 recruitment 
CXCL12 concentration response data for N176A CXCR4 mutant, which shows no difference 
from WT signaling. Data represent the normalized mean values from at least three 
independent experiments (± SEM), each performed in duplicate in the case of β arrestin-2 
recruitment experiments and in triplicate in the case of Ca2+ mobilization. Curves were 
modeled using the four-parameter agonist response equation available in GraphPad PRISM.  
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Figure 5.8. Mutation of the DRY motif residue R134A produces a constitutively active β 
arrestin-2 recruiting form of CXCR4. (A) Normalized CXCL12 concentration response β 
arrestin-2 recruitment data for D133N and R134A CXCR4 mutations. R134A is improved in 
both potency and efficacy over WT signaling, whereas D133N allows for slightly more potent 
CXCL12-mediated β arrestin-2 recruitment but is reduced by half in efficacy compared to WT 
signaling. (B) The raw BRET ratio data from the same experiments. The large increase in 
basal BRET in the case of R134A indicates a constitutive engagement with β arrestin-2. (C) 
Ca2+ mobilization data for the R134A CXCR4 mutant shown along with WT results. R134A is 
severely impaired in both potency and efficacy. For β arrestin-2 recruitment experiments, data 
represent the normalized mean values from at least three independent experiments (± SEM), 
each performed in duplicate. For Ca2+ mobilization data, data represent the normalized mean 
values from at least three independent experiments (± SEM), each performed in triplicate. In 
both cases curves were modeled using the four-parameter agonist response equation available 
in GraphPad PRISM.  
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Figure 5.9. Mutating TM5 residues W195 and Q200 causes deficits in signaling that are not 
easily explained by the CXCL12:CXCR4 model. (A) Close-up of view of the positions of 
W195 and Q200 in TM5 of CXCR4. CXCL12 is shown with space-filling surface rendering to 
emphasize its occupation of the CXCR4 binding pocket, which is opposite these TM5 
residues. (B) Normalized CXCL12 concentration response β arrestin-2 recruitment BRET data 
for W195A and Q200D CXCR4 mutants. Data represent the normalized mean values from at 
least three independent experiments (± SEM), each performed in duplicate. Curves were 
modeled using the four-parameter agonist response equation available in GraphPad PRISM.  
	
  

	
  

	
  

	
  



 155 

	
  

Figure 5.10. The effects of mutating charged residues (as well as the putatively sulfated Y21 
residue) in the most proximal region of CRS1 reinforce the role of this region in providing for 
potent CXCL12 association. (A) Close-up of the interaction of the C-terminal portion of CRS1 
with CXCL12, with charged residues D20, D22, K25, and E26 along with Y21 highlighted as 
spheres. (B-G) β arrestin-2 recruitment CXCL12 concentration response data for alanine 
(cyan) and charge-reversing (magenta) mutations of (B) D20, (C) Y21, (D) D22, (E) K25, (F) 
E26, and (G) all of these residues combined led overwhelmingly to effects on potency as 
expected. K25A seems to be the least consistent with the pattern. K25A was the only mutant 
to have no effect on signaling and K25D was the only mutant to have a clear effect on the 
efficacy of signaling. The combined alanine mutant shows the largest potency effect.  
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Figure 5.11. Successively larger truncations of CRS0.5 and CRS1 produce surprising 
progressive deficits in β arrestin-2 recruitment efficacy that are not seen in Ca2+ mobilization 
results. (A) Close-up view of the predicted CRS0.5 interaction between the extreme CXCR4 
N-terminus and CXCL12. (B) β arrestin-2 recruitment CXCL12 concentration response data 
for truncations ranging from all of CRS0.5 (1-7) to all of CRS1 (1-26) show clear impairments 
in efficacy that generally increase with truncation size.  (C) CXCL12 concentration response 
Ca2+ mobilization data for the 1-10, 1-15, and 1-25 length CXCR4 truncations.  
	
  

	
  

	
  



 157 

	
  

Figure 5.S1. BRET results are unaffected by changes in receptor-RLuc3 expression level 
within a wide range. Cells were transfected with seven different amounts of WT CXCR4-
RLuc3 along with GFP10-β arrestin-2 and assayed for both surface expression and CXCL12-
mediated β arrestin-2 recruitment via BRET. (A) Receptor surface expression was quantified 
via flow cytometry with a PE-conjugated anti-CXCR4 antibody (clone 12G5). The geometric 
mean of PE fluorescence for each sample was normalized to that observed in cells transfected 
with the usual amount of WT CXCR4-Rluc3 DNA used in our CXCL12-mediated β arrestin-2 
recruitment BRET assay. Data are means from two independent experiments (± SEM), each 
performed in duplicate.  
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Figure 5.S2. Expression of trans-membrane domain mutant forms of CXCR4 that show 
differences in signaling from WT receptor. (A) Total unfiltered Rluc3 luminescence, 
normalized to the luminescence of WT CXCR4-Rluc3, always measured in the same 
experiment. (B) Surface expression as determined by flow cytometry after staining with 
fluorophore-conjugated anti-CXCR4 antibody. To ensure the mutations did not interfere with 
antibody recognition of CXCR4 we used the 1D9 anti-CXCR4 monoclonal antibody, which 
targets the CXCR4 N-terminus. (C) The ratio of surface (from B) to total (from C) expression, 
again normalized to WT CXCR4. Data are means of three independent experiments ± SEM, 
each performed in duplicate.  
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Figure 5.S3. Expression of N-terminal domain mutant and truncated forms of CXCR4 that 
show differences in signaling from WT receptor. (A) Total unfiltered Rluc3 luminescence, 
normalized to the luminescence of WT CXCR4-Rluc3, always measured in the same 
experiment. (B) Surface expression as determined by flow cytometry after staining with 
fluorophore-conjugated anti-CXCR4 antibody. To ensure the mutations did not interfere with 
antibody recognition of CXCR4 we used the 12G5 anti-CXCR4 monoclonal antibody, which 
targets the CXCR4 trans-membrane domain. (C) The ratio of surface (from B) to total (from 
C) expression, again normalized to WT CXCR4. Data are means of two independent 
experiments ± SEM, each performed in duplicate.  
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Figure 5.S4. Expression of all mutants tested in Ca2+ mobilization signaling assays relative to 
WT receptor tested on the same day, after adjustment of WT receptor DNA amount according 
to the observed mutant expression range. As shown by dotted lines in the linear Y-axis graph 
(top), we were able to express all mutants within +/- 30% of WT levels used for comparison. 
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Table 5.1. Signaling parameters derived from β	
  arrestin-­‐2	
  recruitment	
  experiments.	
  	
  
NS	
  =	
  no	
  analyzable	
  signaling	
  detected	
  

 
β	
  arrestin-­‐2	
  recruitment	
  

CXCR4	
  mutant	
   Emax	
  (%	
  WT,	
  +/-­‐	
  SE)	
   pEC50	
  (+/-­‐	
  SE)	
  
D97N	
   NS	
   NS	
  
Y116A	
   NS	
   NS	
  
D187A	
   10.0	
  ±	
  1.8	
   7.44	
  ±	
  0.34	
  
E288Q	
   NS	
   NS	
  

	
  	
   	
  	
   	
  	
  
D262N	
   55.3	
  ±	
  1.9	
   7.19	
  ±	
  0.05	
  
D262A	
   14.5	
  ±	
  1.2	
   7.61	
  ±	
  0.22	
  
D262K	
   27.0	
  ±	
  3.4	
   6.45	
  ±	
  0.16	
  
D262R	
   20.0	
  ±	
  1.4	
   6.84	
  ±	
  0.10	
  

	
  	
   	
  	
   	
  	
  
E32Q	
   91.5	
  ±	
  2.1	
   7.84	
  ±	
  0.05	
  
E32K	
   84.9	
  ±	
  1.5	
   7.77	
  ±	
  0.03	
  
E32R	
   80.9	
  ±	
  1.5	
   7.66	
  ±	
  0.04	
  
	
  	
   	
  	
   	
  	
  

E268Q	
   110.5	
  ±	
  4.9	
   7.74	
  ±	
  0.09	
  
E268K	
   108.0	
  ±	
  4.7	
   7.70	
  ±	
  0.09	
  
E268R	
   103.1	
  ±	
  2.7	
   7.93	
  ±	
  0.05	
  
E275Q	
   92.9	
  ±	
  3.5	
   7.88	
  ±	
  0.09	
  
E275K	
   103.8	
  ±	
  2.4	
   7.78	
  ±	
  0.05	
  
E275R	
   92.9	
  ±	
  2.3	
   8.04	
  ±	
  0.06	
  

	
  	
   	
  	
   	
  	
  
E277A	
   112.3	
  ±	
  3.6	
   7.57	
  ±	
  0.06	
  
E277Q	
   96.9	
  ±	
  2.0	
   7.83	
  ±	
  0.04	
  
E277K	
   74.1	
  ±	
  1.5	
   7.31	
  ±	
  0.03	
  
E277R	
   75.7	
  ±	
  2.5	
   7.27	
  ±	
  0.05	
  

E268R,E275R,E277R	
   75.3	
  ±	
  2.3	
   7.20	
  ±	
  0.05	
  
	
  	
   	
  	
   	
  	
  

R30A	
   49.3	
  ±	
  1.5	
   7.65	
  ±	
  0.05	
  
R30Q	
   58.8	
  ±	
  2.1	
   7.72	
  ±	
  0.06	
  
	
  	
   	
  	
   	
  	
  

E179A	
   104.0	
  ±	
  2.7	
   7.83	
  ±	
  0.05	
  
E179Q	
   94.1	
  ±	
  2.1	
   7.89	
  ±	
  0.05	
  
E179K	
   91.8	
  ±	
  2.8	
   7.79	
  ±	
  0.07	
  
E179R	
   97.8	
  ±	
  2.3	
   7.73	
  ±	
  0.05	
  

	
  	
   	
  	
   	
  	
  
D181A	
   88.4	
  ±	
  2.8	
   7.59	
  ±	
  0.05	
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Table 5.1. Signaling parameters derived from β	
  arrestin-­‐2	
  recruitment	
  experiments.	
  (cont.) 

 
β	
  arrestin-­‐2	
  recruitment	
  

CXCR4	
  mutant	
   Emax	
  (%	
  WT,	
  +/-­‐	
  SEM)	
   pEC50	
  (+/-­‐	
  SE)	
  
	
  	
   	
  	
  

D181K	
   84.2	
  ±	
  2.7	
   7.59	
  ±	
  0.06	
  
D181R	
   66.2	
  ±	
  2.5	
   7.67	
  ±	
  0.08	
  

	
  	
   	
  	
   	
  	
  
D182A	
   119.7	
  ±	
  3.6	
   7.77	
  ±	
  0.07	
  
D182K	
   109.5	
  ±	
  6.7	
   7.72	
  ±	
  0.12	
  
D182R	
   78.7	
  ±	
  1.6	
   7.83	
  ±	
  0.03	
  

	
  	
   	
  	
   	
  	
  
E179K,D181K,D182K	
   38.6	
  ±	
  1.6	
   7.62	
  ±	
  0.09	
  
E179R,D181R,D182R	
   25.0	
  ±	
  1.1	
   7.72	
  ±	
  0.07	
  

	
  	
   	
  	
   	
  	
  
D133N	
   52.3	
  ±	
  1.7	
   8.12	
  ±	
  0.07	
  
R134A	
   112.6	
  ±	
  4.5	
   8.10	
  ±	
  0.10	
  

	
  	
   	
  	
   	
  	
  
W195A	
   48.1	
  ±	
  2.6	
   7.57	
  ±	
  0.12	
  
Q200D	
   71.0	
  ±	
  2.3	
   7.71	
  ±	
  0.05	
  

	
  	
   	
  	
   	
  	
  
D20A	
   82.6	
  ±	
  3.6	
   7.73	
  ±	
  0.03	
  
D20R	
   79.3	
  ±	
  4.2	
   7.38	
  ±	
  0.10	
  
Y21A	
   93.5	
  ±	
  2.8	
   7.08	
  ±	
  0.03	
  
Y21R	
   98.2	
  ±	
  3.4	
   7.18	
  ±	
  0.04	
  
D22A	
   96.0	
  ±	
  2.3	
   7.26	
  ±	
  0.04	
  
D22K	
   84.9	
  ±	
  2.3	
   7.03	
  ±	
  0.04	
  
K25A	
   95.3	
  ±	
  5.1	
   7.67	
  ±	
  0.08	
  
K25D	
   65.7	
  ±	
  2.1	
   7.27	
  ±	
  0.06	
  
E26A	
   82.7	
  ±	
  1.7	
   7.72	
  ±	
  0.04	
  
E26R	
   93.6	
  ±	
  2.6	
   7.03	
  ±	
  0.04	
  

D20A,Y21A,D22A,K25A,E26A	
   89.6	
  ±	
  2.9	
   7.10	
  ±	
  0.06	
  
	
  	
   	
  	
   	
  	
  

Δ	
  1-­‐7	
   73.6	
  ±	
  1.7	
   7.74	
  ±	
  0.08	
  
Δ	
  1-­‐10	
   79.3	
  ±	
  1.6	
   7.80	
  ±	
  0.06	
  
Δ	
  1-­‐15	
   37.1	
  ±	
  2.7	
   8.01	
  ±	
  0.23	
  
Δ	
  1-­‐19	
   21.8	
  ±	
  1.8	
   7.74	
  ±	
  0.23	
  
Δ	
  1-­‐25	
   27.2	
  ±	
  1.5	
   7.44	
  ±	
  0.13	
  
Δ	
  1-­‐26	
   19.6	
  ±	
  2.3	
   7.13	
  ±	
  0.25	
  

	
  



 163 

 

 

Table 5.2. Signaling parameters derived from Ca2+ mobilization experiments.  

 
Ca2+	
  mobilization	
  

CXCR4	
  mutant	
   Emax	
  (%	
  WT,	
  +/-­‐	
  SE)	
   pEC50	
  (+/-­‐	
  SE)	
  
D262N	
   81.1	
  ±	
  3.6	
   7.33	
  ±	
  0.09	
  
D262K	
   73.3	
  ±	
  3.6	
   6.87	
  ±	
  0.08	
  
E277R	
   81.4	
  ±	
  4.5	
   7.41	
  ±	
  0.12	
  
R30Q	
   82.7	
  ±	
  5.1	
   7.43	
  ±	
  0.14	
  
D181K	
   90.5	
  ±	
  3.7	
   7.54	
  ±	
  0.09	
  

E179K,D181K,D182K	
   80.1	
  ±	
  3.7	
   7.29	
  ±	
  0.09	
  
R134A	
   53.3	
  ±	
  5.0	
   6.77	
  ±	
  0.10	
  

	
  	
  
	
  

	
  	
  
D20A,Y21A,D22A,K25A,E26A	
   74.1	
  ±	
  4.1	
   7.06	
  ±	
  0.11	
  

Δ	
  1-­‐10	
   94.7	
  ±	
  3.2	
   7.52	
  ±	
  0.10	
  
Δ	
  1-­‐15	
   92.0	
  ±	
  2.4	
   7.29	
  ±	
  0.07	
  
Δ	
  1-­‐25	
   99.8	
  ±	
  2.4	
   6.96	
  ±	
  0.13	
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Table 5.3. Equiactive bias factors calculated for select mutants. Bias is calculated such that a 
negative value indicates bias toward G protein activation and a positive value indicates bias 
toward arrestin association. 
*PSE=propagated SEM 
 
CXCR4	
  mutant	
   Bias	
  factor	
  (+/-­‐	
  PSE*)	
  

D262N	
   -­‐0.51	
  ±	
  0.13	
  
D262K	
   -­‐1.09	
  ±	
  0.20	
  
E277R	
   -­‐0.38	
  ±	
  0.15	
  
R30Q	
   -­‐0.07	
  ±	
  0.17	
  
D181K	
   -­‐0.19	
  ±	
  0.13	
  

E179K,D181K,D182K	
   -­‐0.19	
  ±	
  0.15	
  
R134A	
   1.44	
  ±	
  0.17	
  
Y21R	
   0.05	
  ±	
  0.19	
  

D20A,Y21A,D22A,K25A,E26A	
   0.08	
  ±	
  0.15	
  
d1-­‐10	
   0	
  ±	
  0.14	
  
d1-­‐15	
   0.13	
  ±	
  0.25	
  
d1-­‐25	
   -­‐0.29	
  ±	
  0.13	
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 On the need for cautious interpretation of Ca2+ signaling 

data in chemokine receptor research, and the value of 

relatively direct measurements of receptor activity 

 Largely because of the expanding known repertoire of GPCR signaling 

pathways (Shukla, Xiao et al. 2011) and the phenomenon of biased signaling 

(Strachan, Sun et al. 2014), there is growing recognition that GPCR signaling must 

involve both temporal and spatial organization of multiple different signaling effector 

activation events. This makes it important to independently study the different 

signaling pathways activated by a receptor. In the case of chemokine receptors in 

general, G protein activation experiments are almost solely relied on in the literature 

for testing the effects of mutations on receptor-mediated signaling, with only a few 

recent exceptions (Benredjem, Girard et al. 2017, Gustavsson, Wang et al. 2017). 

Moreover, studies have relied overwhelmingly on Ca2+ mobilization experiments, 

which are likely to often be subject to receptor reserve effects that can obscure the true 

effects of mutations, as discussed in the next section. At present, there are no studies 

that we are aware of in which CXCR4 mutations were tested for effects in arrestin 

recruitment using full concentration-response curves. Throughout the majority of the 

literature, CXCR4 activation is at least tacitly defined without regard for the multiple 

intracellular activities of the receptor, so that the effects of mutations on G protein 

signaling (again usually measured through amplified second messenger assays) have 

always been assumed to fully reveal the underlying effects on receptor function. This 

likely reflects the relatively recent recognition of the important non-G protein aspects 
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of GPCR signaling, and the even more recent understanding that different signaling 

pathways activated by GPCRs may be activated differentially (signaling bias). In any 

case, we now know that this is certainly not the case, and in fact several CXCR4 

mutations and truncations cause much larger apparent effects in arrestin signaling due 

to both assay sensitivity issues as well as some as of yet unexplained genuinely biased 

results in certain cases. 

The general tendency of CXCR4 mutants to show more pronounced effects in 

our BRET2 arrestin recruitment assay is a cause for concern when considering the 

wider body of CXCR4 mutagenesis results. While it is obvious from our data that 

relying on Ca2+ mobilization as a general measure of G protein activation by CXCR4 

will (and almost certainly has) lead to underestimation of mutational effects, the 

problem is even worse in that until quite recently, many CXCR4 mutagenesis 

experiments were carried out using a single CXCL12 concentration. This is largely 

due to historical reasons of feasibility, but the cause for caution is nonetheless 

significant. Considering our data here, in cases with extreme effects such as D262 

mutation, the effects are large enough that they are observable in either assay, 

regardless of the quantified bias. However, in the case of CRS0.5 truncations and 

ECL2 hairpin charge-reversing mutations, the effects in Ca2+ mobilization are so 

minor by visual inspection that the mutants would be interpreted as essentially 

ineffectual if only this form of signaling data were available.   

When equiactive bias calculation methods (Rajagopal, Ahn et al. 2011) are 

applied, much of the apparent discrepancy between the two signaling pathway assays 

turns out to be artificial, as indicated by near-zero bias factors. This result means that 
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the efficacy differences seen in arrestin recruitment experiments are “exchanged” for 

potency differences in Ca2+ mobilization experiments, which are not as visually 

obvious due to the logarithmic plotting of ligand concentration when analyzing 

concentration-response data. The simplest reasonable explanation for this is that the 

Ca2+ mobilization assay is subject to receptor reserve, or in other words that the 

amplified second messenger levels reach a maximum before all receptors expressed by 

the experimental cells are activated (Ehlert, Griffin et al. 1999, Griffin, Figueroa et al. 

2007, Ehlert 2008). 

In light of our results, it seems advisable for researchers in the field to use the 

most direct, non-amplified signaling readouts available, and BRET-based methods are 

very advantageous in this regard. They provide a real-time, 1:1 measurement of 

donor/acceptor proximity. In addition to the elimination of the concern of receptor 

reserve, this also allows for the design of experiments in which closely comparable 

receptor expression levels are not critical to reliable interpretation. The unexpected 

findings of major efficacy effects for CRS1 truncations in particular highlights the 

need for cautious re-interpretation of the mutagenesis results throughout the existing 

literature, especially those data derived using second messenger assays such as cAMP 

and Ca2+-measuring assays. Chapter 5 herein, currently in preparation for publication, 

features full concentration-response curve arrestin signaling data for an extensive set 

of CXCR4 mutations, and should make a major contribution to catching up on our 

understanding of the established CXCR4 signaling pathway that has not been 

unexplored via mutagenesis. 
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Extended interpretation of N-terminal truncations and other 

CXCR4 perturbations that cause unexpectedly large efficacy 

deficits in arrestin recruitment  

As our arrestin recruitment data make clear, the traditional functional 

implications of the CRS1/CRS2 model, specifically that CRS1 is involved in initial 

binding but not in receptor activation efficacy after binding, is at least partly over-

simplified. The standard interpretation of such a large decrease in efficacy, whether 

biased or not, would be that the receptor is unable to achieve the fully active 

conformation in the absence of the full CRS1 interaction. This interpretation seems to 

be structurally unrealistic given the distance between the CRS1:CXCL12 globular 

domain interaction and critical activation-causing interactions between CRS2 and the 

CXCL12 N-terminus are somewhat understood (Wescott, Kufareva et al. 2016). It also 

contradicts the long held and reasonably well evidenced CRS1/CRS2 two-site model. 

Nevertheless, it is conceivable that the enwrapping of the CXCL12 globular domain is 

necessary for receptor activation in an indirect way. Perhaps this CRS1 engagement is 

necessary to induce/stabilize an intra-molecular CXCL12 orientation that is required 

for the CXCL12 N-terminus to activate CXCR4. The similar finding of apparently 

arrestin-specific loss of efficacy resulting from charge-reversing mutation of the 

CXCR4 ECL2 hairpin would concord with this explanation. In the model, the ECL2 

hairpin is extended toward CXCL12 just under the CXCR4 N-terminus, so such a 

“CXCL12-priming” requirement of CRS1 may also involve this region of ECL2. 
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An interesting alternative explanation lies in the role of agonist binding 

kinetics in receptor activation efficacy. In a recent series of publications, Charlton and 

colleagues have renewed interest in a long-neglected role of dissociation rates in the 

efficacy measured in GPCR activity assays (Sykes, Dowling et al. 2009, Sykes, Riddy 

et al. 2014). In the seminal study (Sykes, Dowling and Charlton 2009), the researchers 

observed that varying off-rates for a series of M3 muscarinic receptor agonists closely 

correlated with the observed efficacy in G protein signaling. Their interpretation was 

that as multiple cycles of G protein activation are possible for any given 

receptor:agonist binding event, faster dissociation would lead to fewer cumulative G 

protein activation events and thus lower efficacy.  

A similar explanation would make sense in the case of our findings here. In 

speculatively extending this paradigm to arrestin association, it was critically was 

noted in the M3 receptor study (Sykes, Dowling et al. 2009) that there is support for 

this possible explanation in a previous study of the β2 adrenergic receptor (B2AR), in 

which it was demonstrated that continuous agonist occupancy is required in order to 

maintain arrestin association (Krasel, Bünemann et al. 2005). Given the structural role 

observed in the CXCL12:CXCR4 model for CRS0.5 and CRS1 overall, it seems 

reasonable to speculate that the distal region of CRS1 (approximately residues 1-20) 

would serve as a molecular “cap”, securing CXCL12 once it is bound to extend the 

lifetime of the signaling complex. Removal of this cap may experimentally reduce the 

efficacy of receptor signaling, independently of any effect on the active receptor 

conformation, by simply reducing the lifetime of each productive (and in the case of 

most of our experimental data, arrestin-recruiting) CXCL12:CXCR4 complex.  
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Furthermore, it may also be that a greatly increased dissociation rate of 

CXCL12 from CXCR4 resulting from truncation of the CXCR4 N-terminus leads to 

lower efficacy specifically for arrestin recruitment. Here the data are unclear, as only 

the longer 1-25 truncation is quantitatively biased. This suggests that CRS1 removal 

does indeed affect the intrinsic efficacy for both G protein and arrestin recruitment, 

but at the same time that removing the entirety of the CRS1 interaction is particularly 

compromising to arrestin recruitment.  

It has recently been discovered that differential kinetics can give rise to 

apparent bias in the absence of genuine differences in receptor activation mechanisms 

between different agonists (Klein Herenbrink, Sykes et al. 2016). While G protein 

signaling in our calcium mobilization assay is very rapid and transient, the arrestin 

recruitment measured in our BRET assay does not reach a maximal plateau until 7-10 

minutes after receptor stimulation, so it would stand to reason that an off-rate-specific 

effect would have a more significant effect in arrestin recruitment experiments.  

The equiactive bias estimates reported in chapter 5 are subject to large error in 

the cases of severely compromised mutants, so the quantifications of bias in our 

results can only be tentatively interpreted. However much the effects of the mildly 

biasing ECL2 mutations and CRS1 truncation reflect genuine differences in the 

receptors efficacy of coupling to the different effectors, a kinetic explanation for the 

effect of the CXCR4 N-terminal truncations would provide a clear structural 

explanation for the case of G protein-biased activation of CXCR4 by the dimeric form 

of CXCL12 (Veldkamp, Seibert et al. 2008). As the CRS0.5 interaction features a β 

sheet in an identical region to part of the CXCL12 homodimer interface, it is 
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impossible for the dimeric form of CXCL12 to engage in this particular interaction 

with CXCR4. The result of this according to our speculation here would be a rapid 

dissociation rate for the CXCL12 dimer:CXCR4 complex, which would in turn would 

yield little to no arrestin recruitment.  

The charge-reversed mutation of all ECL2 hairpin acidic residues produces a 

surprisingly large efficacy reduction in β arrestin-2 recruitment given its relative 

superficiality in the CXCR4 binding pocket and that it binds in the model to the 

globular domain of CXCL12 (and therefore at least not directly involved in the 

orientation of the CXCL12 N-terminus). It is also conspicuously mild in its effect in G 

protein signaling assays, similar to the CRS1 truncation data, although the bias factor 

determined for the EADD-KAKK mutant is low (β  = 0.19 ± 0.15 towards G protein 

activation). With the CRS1 cap hypothesis in mind, the β hairpin of ECL2 seems 

positioned to provide an additional stabilizing interaction along with the CRS1 cap, 

helping to enwrap CXCL12 directly opposite CRS1 (CRS1 and the tip of ECL2 nearly 

meet in the model) and provide for an overall enclosing of the complex. The function 

of such a “clamping” mechanism between the extreme N-terminus of CXCR4 and the 

ECL2 β hairpin would be to secure CXCL12 in the CXCR4 binding pocket long 

enough to allow for full agonism. Any clamping mechanism along these lines would 

likely be influenced by arrestin and G protein coupling, analogous to the recent 

seminal findings for the B2AR (DeVree, Mahoney et al. 2016). 

Again recalling the homodimeric form of CXCL12, it is interesting to note 

here that when the crystal structure of the CXCL12 homodimer is overlaid with 

CXCL12 in the present model, the only area (other than the precise overlap between 
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CRS0.5 and the CXCL12 dimer interface) where it is apparent that there may be steric 

hindrance is in the ECL2 region. The dimeric form of CXCL12 may be impaired in 

two different stabilizing interactions with CXCR4, rendering it an extremely short 

lifetime and therefore ineffective (and perhaps effectively G protein-biased) agonist. 

In other words, the near-zero arrestin recruitment reported for homodimeric CXCL12 

(Veldkamp, Seibert et al. 2008) might represent a case of a seemingly biased dimeric 

agonist that ultimately differs from the monomeric form of CXCL12 only in the 

kinetics of its receptor interaction. 

Though kinetic explanations for the CRS0.5/CRS1 truncation and ECL2 

charge reversal effects are still speculative, they would seem to be the most in line 

with the current and long-standing CRS1/CRS2 model of chemokine receptor 

activation, as opposed to the straightforward traditional alternative interpretation 

discussed above, that the CRS1 and ECL2 interactions are important in enabling 

transitioning to the active receptor state. If our kinetic interpretation is correct, it 

suggests an important novel function for the newly modeled CRS0.5 region of 

chemokine:receptor complexes (Gustavsson, Wang et al. 2017), in that the interactions 

in this region of the complex are key in maintaining CXCL12 association with 

CXCR4 long enough to allow for efficacious CXCR4 signaling.  

While there is no strong evidence in either direction, it is entirely possible that 

purely kinetic differences in chemokine oligomer/variant binding to receptors, which 

ultimately cause large differences in the activation of particular CXR4-mediated 

pathways, are yet another layer of complexity utilized for fine tuning of the chemokine 

system’s role in immune cell migration. Either way, this would enable novel thinking 
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in drug development efforts targeting CXCR4. One strategy that may be enabled if 

there is indeed a manipulable link between CXCL12 occupancy duration and efficacy 

would be to extend the lifetime of the complex in order to effectively convert 

endogenous CXCL12 into a “super-agonist” that goes beyond competitive inhibition 

and effectively down-regulates receptor surface expression. The result sought would 

be similar to that achieved with recently generated CCL5 super-agonist derivatives 

that effectively sequester CCR5 for supra-physiological time periods and thereby 

provide strong resistance to infection by HIV-tropic HIV strains (Hartley, Dorgham et 

al. 2003). Indeed, it is interesting to ask in light of our results whether the reportedly 

biased super-agonists developed for CCR5 stabilize truly distinct biased receptor 

states or simply possess much longer receptor engagement half-lives. 

Interestingly, the most quantitatively biased CXCR4 mutations were actually 

that of D262, followed by E277R mutation. Both of these residues, we can now 

confidently conclude, are CXCL12-engagement residues that we previously 

interpreted as critical to binding and orienting the CXCL12 N-terminus for receptor 

activation (Wescott, Kufareva et al. 2016). If there is an underlying kinetic basis for 

our findings of bias herein, this suggests that chemokine engagement interactions are 

particularly critical to maintaining the complex, at least in fully engaged active-

receptor form. Obviously it is also possible, according to the more traditional 

interpretation of biased signaling, that the more superficial chemokine engagement 

interactions are specifically involved in orienting the receptor for arrestin engagement. 

As it is entirely possible that these deeper residues do participate in the conformational 

change of CXCR4 activation, either explanation seems plausible, and we are excited 
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to address this question along with our other hypotheses as described in the following 

two sections. 

Understanding the coupling of G protein, arrestin, and other 

effectors to CXCR4 

 An important aspect of chemokine receptor signaling just now becoming 

amenable to precise modeling and study are the precise structural mechanisms of 

signaling effector engagement and activation. With the recent solution of both G 

protein-coupled (Rasmussen, DeVree et al. 2011) and arrestin-coupled (Kang, Zhou et 

al. 2015) states of model class A GPCRs, homology-based models of CXCR4 and 

other chemokine receptors engaged with Gi and β arrestin-2 are feasible, and we are 

currently preparing for such efforts. The interesting β arrestin-2-biased and 

constitutive effects of R134A mutation will help to guide and interpret these modeling 

attempts. We can now rapidly test new mutations in our arrestin recruitment assay, as 

well as potentially carry out more definitive charge swap experiments, so that we are 

able to generate data towards supporting and refining models of both the arrestin and 

G protein coupled CXCR4 ternary complexes.  

This avenue of research is particularly interesting and important to understand 

in light of the differential effects observed for the two different signaling pathways. 

While the possibility of a purely temporal explanation for functionally G protein-

biasing receptor perturbations makes prediction impossible, modeling the full ternary 

complex between CXCL12:CXCR4 and both G protein and arrestin may well reveal 

clear reasons for the selective effect of D262, E277, ECL2, and CRS1 perturbation on 
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arrestin recruitment. Even in the case that no significant differences in receptor state 

when engaged with the different effectors is predicted, this may contribute to 

explaining what appears to be an intrinsic difference in the activation of the two 

relevant signaling pathways when considered along with data derived from the 

experimental efforts described in the next section. 

Future experiments 

In order to gain confidence that receptor reserve is the explanation for the 

frequently apparent discrepancies between our Ca2+ mobilization and BRET results, 

we are currently developing simple experiments that will allow us to confirm receptor 

reserve by comparing the results of irreversibly inhibiting a small proportion of cell 

surface CXCR4 in both of our experimental systems. Moving forward, in order to 

more definitively the question of bias, we will implement alternative measurements of 

G protein signaling such as luciferase fragment complementation-based direct G 

protein activation assays and BRET-based direct receptor:G protein association 

assays.  

In order to directly observe real-time transitioning of CXCR4 between active 

and inactive states, as well as the effect of agonist addition to this process, we are 

currently in the preliminary stages of developing single molecule experiments that rely 

on signaling-competent chemokine receptors stabilized in nanodiscs. Studying the 

mutants via this method would allow direct testing of our speculative explanations for 

impaired signaling based in chemokine:receptor complex lifetime. The single 

molecule fluorescence receptor labeling sites successfully used so far for the B2AR 
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were such that distinguishable activation signatures for G protein activation versus 

arrestin recruitment/activation were observed, and this may aid in understanding any 

true structural bias underlying our results. 

We will also independently determine equilibrium binding as well as kinetic 

parameters for the binding of CXCL12 to WT, mutant, and truncated CXCR4 

constructs in our experimental cells, with the ultimate goal of quantitatively assessing 

bias using the most rigorous and reliable method available, direct operational model 

calculations (Rajagopal, Ahn et al. 2011). The kinetic and equilibrium binding assays 

can also be used in combination to determine whether there is an increase in the rate of 

CXCL12 dissociation from CXCR4 when, for example, CRS1 is truncated.  
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