
Ulm University 

Department of Pharmacology and Toxicology 

Head of Department: Prof. Dr. Peter Gierschik 

 

 

 

 

 

Biophysical and structural analysis of 

the chemokine receptors CCR2A and 

CCR3, leading to a 2.7 Å resolution 

structure of CCR2A 

 

 

Dissertation to obtain the doctoral degree of Human Biology at 

the Medical Faculty of Ulm University 

 

Anna-Katharina Apel 

Born in Flensburg, Germany 

 

2017 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Current Dean of the Medical Faculty: Prof. Dr. Thomas Wirth 

First Reviewer:    Prof. Dr. Peter Gierschik 

Second Reviewer:    PD. Dr. Ralf Heilker 

Day doctorate awarded:   26.10.2018 

 



 

 

 

 

 

 

 

Parts of this dissertation were already published in 
 

A.K. Apel, R.K.Y. Cheng, C.S. Tautermann, M. Brauchle, C.Y. Huang, A. Pautsch, M. 

Hennig, H. Nar, G. Schnapp (2019). ”Crystal structure of CC chemokine receptor 2A in complex 

with an orthosteric antagonist provides insights for the design of selective antagonists.” 

Structure, 27 (3): 427-438. 

 
As an Elsevier journal author, it is a retained right to cite the article in a dissertation whether in 
full or in part, subject to proper acknowledgment (https://www.elsevier.com/about/our-

business/policies/copyright/personal-use). Therefore no written permission from Elsevier is 
necessary, neither for adapting, nor modifying figures.  

 

 

 

 

 

 

 

 

 



        Table of contents 
 

I  
 

Table of contents 

 

Abbreviations ...................................................................................................... III 

1. Introduction .................................................................................................... 1 

1.1 G-protein coupled receptors with focus on chemokine receptors .................................. 1 

1.2 CC chemokine receptor 2 (CCR2) ..................................................................................... 5 

1.3 CC chemokine receptor 3 (CCR3) ................................................................................... 11 

1.4 GPCR crystallization: challenges and advances .............................................................. 13 

1.5 Thesis Motivation ........................................................................................................... 17 

2. Materials and Methods ................................................................................ 18 

2.1 Materials: Purification .................................................................................................... 18 

2.2 Materials: Crystallization ................................................................................................ 19 

2.3 Materials: Native ligands and small molecular antagonists ........................................... 21 

2.4 Materials: Expression ..................................................................................................... 23 

2.5 Materials: CCR3 and CCR2 expression constructs .......................................................... 25 

2.6 Materials: Analytical devices .......................................................................................... 28 

2.7 Methods: Cell culture ..................................................................................................... 29 

2.8 Methods: Expression in insect and mammalian cells .................................................... 31 

2.9 Methods: Functional Assays ........................................................................................... 38 

2.10 Methods: Quick change mutagenesis ............................................................................ 40 

2.11 Methods: Purification of CCR2 and CCR3 constructs ..................................................... 41 

2.12 Methods: Protein analytics ............................................................................................ 44 

2.13 Methods: Biophysical studies ......................................................................................... 47 

2.14 Methods: Statistical data analysis .................................................................................. 50 

2.15 Methods: Crystallization and data collection ................................................................. 51 

3. Results .......................................................................................................... 54 

3.1 CCR2 ............................................................................................................................... 54 

3.1.1 Transient expression in insect cells for crystallization .................................................... 54 

3.1.2 Glycosylation of CCR2 in HEK cells and Hi5 cells ............................................................ 56 

3.1.3 Design of CCR2 crystallization constructs....................................................................... 57 

3.1.4 Biophysical characterization: quality control of purified CCR2 ...................................... 67 

3.1.5 Radioactive ligand binding assay of CCR2 ...................................................................... 74 

3.1.6 Ca2+ Signaling assay of the two CCR2 receptor splicing variants ................................... 79 

3.1.7 Crystallization of CCR2 ................................................................................................... 82 



        Table of contents 
 

II  
 

3.1.8 Crystal structure of CCR2A ............................................................................................. 85 

3.2 CCR3 ............................................................................................................................... 92 

3.2.1 Expression ....................................................................................................................... 92 

3.2.2 Purification ..................................................................................................................... 94 

3.2.3 Biophysical evaluation .................................................................................................... 97 

4. Discussion .................................................................................................. 100 

4.1 Design of CCR2 constructs for crystallization ............................................................... 100 

4.2 Structural aspects of CCR2 ........................................................................................... 101 

4.3 Radioactive ligand binding assay with HEK293-CCR2 membranes .............................. 104 

4.4 Ligand binding activity of CCR2 in detergent micelles ................................................. 107 

4.5 Cell surface expression and functionality of CCR2 in CHO cells ................................... 109 

4.6 Tendency of CCR3 to dimerize in dependence from the detergent environment ...... 112 

4.7 Ligand binding ability of purified CCR3 in different detergent micelles ...................... 112 

4.8 Best stabilizing effect with mT4L in the ICL3 of CCR3 .................................................. 114 

5. Summary .................................................................................................... 115 

6. References ................................................................................................. 117 

Supplement ............................................................................................................ i 

Acknowledgments .............................................................................................. vii 

Curriculum Vitae .................................................................................................. ix 

 
 



              Abbreviations 
 

III  
 

 Abbreviations 
 

3D  Three-dimensional 

Å Ångström 

AC Adenylyl cyclase 

APA Aminopyrimidinoamid; 

BI Boehringer Ingelheim 

BRIL Apocytochrome b562RIL 

bp Base Pair 

BSA Bovine serum albumin 

C Carboxy 

cAMP cyclic Adenosin-Monophosphat 

CCR2 Cysteine-cysteine chemokine receptor- 2 

CCR3 Cysteine-cysteine chemokine receptor-3 

CD Circular Dichroism 

CHAPS 
3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate 

CHO Chinese hamster overy cells 

CHS Cholesteryl hemisuccinate 

CMC Critical micelle concentration 

cpm Counts per minute 

Da Dalton 

CPM 
7-Diethylamino-3-(4´-Maleimidylphenyl)-4-
Methylcoumarin 

DDM n-Dodecyl β-D-maltoside 

DM Decyl-maltoside 

DLS Dynamic light scattering 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonucleic acid 

DSF Differential scanning fluorimetry 

ECL Extracellular loop 

EDTA Ethylenediaminetetraacetic acid 

ERK2 Extracellular signal-regulated kinase-2 

FC-12 Fos-choline 12 

FC-14 Fos-choline 14 



              Abbreviations 
 

IV  
 

FCS Fetal calf serum 

FDA Food and Drug Administration 

FLAG Polypeptide protein tag 

G418 Geneticin 

GDP Guanosine diphosphate 

GEF Guanine nucleotide exchange factor 

GPCR G-protein-coupled receptors 

G-protein Guanine nucleotide-binding protein 

GTP Guanosine triphosphate 

h human 

HA Hemagglutinin 

HEK Human embryonic kidney cells 

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

Hi5 High Five cells 

His Histidine 

ICL Intracellular loop 

IMISX In meso in-situ serial crystallography 

IP3 Inositol-triphosphat 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

JAK Janus kinase 

LB-broth Luria-Bertani-supplemental broth 

LCP Lipidic cubic phase 

LED Light-Emitting Diode 

MALDI-TOF 
Matrix assisted laser desorption ionization- time of 
flight 

MAPK Mitogen-activated protein kinases 

mAU Milli- absorption units 

MCP Monocyte chemotactic protein 

MNG Lauryl Maltose Neopentyl Glycol 

MST Microscale Thermophoresis 

mT4L Minimal T4 lysozyme 

MW Molecular weight 

MWCO Molecular weight cutoff 

N Amino 

n/a Not applicable 

NHS N-Hydroxysuccinimide 



              Abbreviations 
 

V  
 

nt Nucleotide 

PBS Phosphate buffered saline 

PDB Protein Data Bank 

PCR Polymerase chain reaction 

PEG Polyethylenglycol 

PLC Phosphoinositide-specific phospholipase 

PreS PreScission cleavage site 

PVDF Polyvinylidene difluoride 

r rat 

RT Room temperature 

Rub Rubredoxin 

SD Standard deviation 

SDS-PAGE 
Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis 

SEC Size exclusion chromatography 

SEM Standard error of the mean 

SI Sequence identity 

SLS Static light scattering 

SPA Scientillation proximity assay 

T Temperature 

Tm Melting Point  

T4L T4 lysozyme 

TAE Tris-acetate-EDTA 

TBS Tris buffered saline 

TM Transmembrane region 

w/o Without 

WT Wildtype 

 

 



              Abbreviations 
 

VI  
 

Amino acid letter code 

One 
letter 
code 

Three 
letter code 

Amino Acid One letter 
code 

Three 
letter code 

Amino 
Acid 

G Gly Glycine P Pro Proline 

A Ala Alanine V Val Valine 

L Leu Leucine I Ile Isoleucine 

M Met Methionine C Cys Cysteine 

F Phe Phenylalanine Y Tyr Tyrosine 

W Trp Tryptophan H His Histidine 

K Lys Lysine R Arg Arginine 

Q Gln Glutamine N Asn Asparagine 

E Glu Glutamate D Asp Aspartate 

S Ser Serine T Thr Threonine 
 

 



                                                                          Introduction 
 

1  

1. Introduction 

 

1.1 G-protein coupled receptors with focus on chemokine receptors 

 

With more than 800 receptors, G-protein coupled receptors (GPCR) are the largest 

integral membrane protein family encoded by the human genome. Among the non-

olfactory receptors, which comprise half of the identified GPCRs, more than 100 are 

still “orphans”, that means no ligand has been characterized so far. All receptors are 

composed of an extracellular N-terminus, seven hydrophobic transmembrane 

helices (TM1-TM7), which are further linked by three extracellular (ECL) and three 

intracellular loops (ICL), followed by an eights α-helix and a flexible intracellular C-

terminus. While the N-terminus and the ECLs are important for ligand binding, the 

C-terminus and the intracellular regions are involved in GPCR signaling, providing 

the docking site for the GTP binding protein (G protein). Although they share this 

seven transmembrane architecture, GPCRs show a great diversity in sequence and 

function (Cong et al. 2017). GPCRs are classified according to their pharmacological 

properties in five main receptor families: secretin, adhesion, glutamate, rhodopsin 

 

Figure 1: Phylogenetic γ subtree of the rhodopsin-like receptor family highlighting the 10 

solved crystal structures within this group (blue). Derived from http://gpcrdb.org (Oct. 2017). 
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and frizzled/taste2 receptors. The rhodopsin or class A receptor family is with 701 

characterized receptors the largest and is further divided in the four main groups 

alpha, beta, gamma and delta (Fredriksson et al. 2003). The phylogenetic γ subtree 

of the GPCR rhodopsin-like subfamily (Figure 1) gives an idea of the sequence 

diversity even within this GPCR class and highlights the high-resolution crystal 

structures from class A GPCRs in the γ subgroup available so far. With the exception 

of the adhesion receptor cluster, all receptor families possess at least one solved 

high-resolution protein structure. In October 2017, 48 unique GPCR structures are 

published and reported in the GPCRdb (http://gpcrdb.org) comprising also five 

chemokine receptors. That means the high-resolution protein crystal structures of 

approximately 6 % of all known GPCRs is solved, exponentially growing in the last 

10 years. There are several stabilizing strategies described towards the structure 

evaluation (chapter 1.4), however crystallization still struggles from the low 

sequence identity (SI) between the receptor families. This makes it hard to 

investigate one universal method purifying and finally crystallizing GPCRs. 

The twenty-one known chemokine receptors belong to the rhodopsin-like receptor 

family and can be further classified together with their chemokine ligands into four 

groups: CXC, CC, C and CX3C depending on the arrangement of the two cysteine 

residues at the N-terminus of the chemokine ligand (Alexander et al. 2011). About 

50 different chemokines, ranging from 8 to 14 kDa, are known, mostly activating 

more than one receptor and therefore lacking ligand binding selectivity. The binding 

and activation domain is primarily located in the N-terminus. According to their 

function chemokines are grouped into inflammatory and homeostatic chemokines 

(Yadav et al. 2010). In 2000 the initial given trivial chemokine names were replaced 

for a more generalized nomenclature, e.g. MCP-1 the endogenous ligand of CCR2, 

was renamed to CCL2 (Zlotnik et al. 2000). In this work the more recent 

nomenclature will be used. The two C-C chemokine receptors CCR3 and CCR2 are 

the focus of the present work.  

GPCRs undergo a series of conformational changes during receptor activation, this 

makes them to highly flexible proteins and challenging targets for the structural 

biology (chapter 1.4). These conformational intermediates are dependent from the 

ligand, the associated signaling molecule and the proteins environment. The 

dynamic of the signaling process was demonstrated using the β2 adrenergic 
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receptor, illustrating the free energy landscape along with conformational changes 

upon ligand binding (Nygaard et al. 2013). The classifications of ligands and the 

induced biological response is shown in Figure 2. The endogenous ligand (full 

agonist) binds on the extracellular site in the orthosteric binding pocket. While most 

of the small molecular ligands bind to the same orthosteric site, some bind to a 

second binding site the so called allosteric site (Wacker et al. 2017). 

 

Activated from its specific agonist e.g. CCL2 in case of CCR2 or CCL11 for CCR3, 

GPCRs convert signals from the extracellular space into a cellular response via its 

ubiquitous G- protein (Figure 3). They are involved in manifold signaling events in 

the cell and contribute to inflammatory (Scholten et al. 2012), cardiovascular (Mayor 

et al. 2017) and neurogenic disease (Huber et al. 2016), as well as HIV (Ansari et 

al. 2011) and cancer (Nieto Gutierrez et al. 2017).  

 

 

Figure 2: Classification of ligand activity for GPCRs. The constitutive (or basal) activity, which 

is ligand-independent is marked with an X. Drugs, which suppress the basal activity are named 

inverse agonists. Neutral antagonists block the ligand binding site, but have no signaling effect. 

Partial and full agonists activate the receptor, having a partial agonist the activity is under the 

maximal level (adopted from Wacker et al. (2017)). 
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About 30 % of all marketed drugs function through GPCRs or their signaling 

pathways (Cong et al. 2017). But so far only 30 % of all known GPCRs are targeted. 

In the last years especially chemokine receptors, are described as potential drug 

targets in the mentioned research fields (Scholten et al. 2012). Although extensive 

research on chemokine receptors and their link to inflammatory disease exists, there 

are only two chemokine receptor ligands marketed. Both ligands are implemented 

in non-inflammatory disease. Maraviroc targeting CCR5 is used for the inhibition of 

HIV entry (Tan et al. 2013) and Plerixafor targeting CXCR4 is used for stem cell 

mobilization (Wu et al. 2010). 

But why are there such a limited number of drugs available targeting the chemokine-

receptor axis? Difficulties are associated with missing understanding of chemokine-

receptor interactions, inappropriate model organisms for the human immune and 

inflammatory system, the high redundancy of the chemokine-receptor system and 

problems with toxicity (Solari et al. 2015). A promising approach for future drug 

development might be the modulation by allosteric ligands, as they are often more 

selective for their targets and can be better fine-tuned in terms of pharmacological 

characteristics, e.g. lower risk of overdose (Keov et al. 2011, Congreve et al. 2017). 

 

Figure 3: Signal transduction via G-protein coupled receptors (GPCR). Upon agonist 

binding the GPCR functions as Guanine nucleotide exchange factor (GEF) for the associated G 

protein. The Gα subunit dissociates from the βγ-complex, leaving both subunits in an activated 

state, whereas either the Gα subunit or the βγ-complex may activate downstream effector 

molecules. After GTP hydrolysis, the inactive heterotrimeric complex is formed again. 

Phosphorylation of the GPCR at the C-terminus by the G protein-coupled receptor kinase (GRK), 

leads to the binding of β-arrestin. This disables the binding of the G protein to the GPCR 

(desensitization). The desensitized receptor is internalized via clathrin-coated vesicles for 

endocytosis or back-recycling to the plasma membrane. The figure was drawn through 

information from Sorkin et al. (2002). 
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Although the allosteric modulation of GPCRs attracted notice already in the late 80s 

with studies on the muscarinic receptor (Kenakin et al. 1989), so far only four FDA-

approved drugs function elsewhere than the orthosteric binding site (Wacker et al. 

2017). Problems linked to low efficacy, design of tool compounds and missing 

relevant assays to test for allosteric antagonism (Changeux et al. 2016), might be 

solved with the increasing number of available crystal structures identifying and 

characterizing an allosteric ligand binding mode (Tan et al. 2013, Oswald et al. 2016, 

Zheng et al. 2016, Liu et al. 2017), leading to a deeper understanding of the 

allosteric mechanism. For example Maraviroc, one of the two marketed chemokine 

receptor drugs, is described as allosteric ligand (Lagane et al. 2013). 

 

1.2  CC chemokine receptor 2 (CCR2) 

 

1.2.1 Two of a kind:  CCR2A versus CCR2B 

In 1994 CCR2 was successfully cloned and expressed for the first time, revealing 

two alternative splicing variants termed CCR2A and CCR2B. The both receptor 

variants differ only in their carboxyl-terminus. In comparison CCR2A has only half 

as much potential phosphorylation sites and is 14 amino acids longer than CCR2B 

(Figure 4). The phosphorylation sites are important for receptor desensitization as 

shown for the β2 adrenergic receptor (Lefkowitz 1993), as well as for CXCR4 

(Haribabu et al. 1997) and CCR5 (Oppermann et al. 1999). 

In monocytes the predominant receptor expressed on the cell surface is CCR2B, 

while CCR2A is mainly kept intracellular in the Golgi apparatus (Tanaka et al. 2002). 

Progressive truncation of the C-terminal tail of CCR2A and experiments with a 

chimeric thrombin/CCR2A receptor revealed a potential retention signal between 

 

Figure 4: Alignment of the C-terminal residues of the two splicing variants CCR2A and 

CCR2B starting from amino acid 314. The phosphorylation sites are marked in yellow.             

* single, fully conserved residues, : conservation between groups of strongly similar properties,  

. conservation of groups of weakly similar properties 
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the residues 316 and 349 (Wong et al. 1997), suggesting an important role of the C-

terminus in receptor translocation through the plasma membrane. Given that about 

90 % of the transmembrane signaling (in THP-1 cells) relies on CCR2B (Tanaka et 

al. 2002), most functional studies are based on this splicing variant. But once 

expressed at the cell surface CCR2A shows comparable binding affinities for its 

endogenous ligand CCL2 and induces Ca2+ signaling in monocytes (Wong et al. 

1997). To improve the expression of CCR2A the mutation V64I in the N-terminus is 

described (Nakayama et al. 2004). In the present work the terminus CCR2 always 

refers to the CCR2A receptor variant, since we focused our studies on the minor 

examined form to give new insight in the functional role of CCR2A.   

 

1.2.2 Native Ligands: Missing receptor selectivity 

The main and selective agonist of CCR2 is the monocyte chemoattractant protein 1 

(MCP-1 or CCL2), which is the most intensively studied and first discovered human 

CC chemokine. CCL2 consists of 76 amino acids and has a molecular weight (MW) 

of 13 kDa (Van Coillie et al. 1999). It binds to CCR2 with a equilibrium dissociation 

constant (KD) of 0.31 nM (KDCCR2B = 0.26 nM), when expressed in HEK293 cells 

(Wong et al. 1997). The other four members of the MCP family MCP-2 to MCP-5 

(CCL7, CCL8, CCL13 and CCL12) are also described as receptor agonists for 

CCR2. As common among chemokine receptors there is a tyrosine sulfation motif 

in the N-terminus of the CCR2 receptors, 25DYDY28 (Figure 6A). Several studies 

showed that the sulfation state of chemokine receptors directly influences the 

binding affinity to their chemokine ligands and plays a role for its functionality 

(Farzan et al. 1999, Seibert et al. 2008, Zhu et al. 2011). In CCR2 the sulfation of 

both tyrosine residues increases the binding affinity to CCL2 by 3 orders of 

magnitude and even with either Tyr26 or Tyr28 sulfated the affinity increases by 30-

fold (Tan et al. 2013).  

For a long time the chemokines CCL11, CCL24 and CCL26 were considered to bind 

and activate selectively the chemokine receptor CCR3. Although there is no 

evidence that CCL24 activates CCR2 (Ogilvie et al. 2001), it was clearly identified 

as receptor antagonist (Parody et al. 2004), CCL11 was identified as receptor 

agonist (Martinelli et al. 2001), antagonist (Ogilvie et al. 2001) and partial agonist 

(Martinelli et al. 2001). Likewise CCL26 was reported to function as natural receptor 
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antagonist (Ogilvie et al. 2003). This shows the missing selectivity of the chemokine 

ligands and the redundancy of the chemokine/receptor system and gives insight in 

problems within the drug discovery process.  

 

1.2.3 Therapeutically relevance and signal transduction pathways 

CCR2 is expressed on monocytes, basophiles, dendritic cells, natural killer cells and 

activated T lymphocytes. In inflammatory diseases CCR2 is known as the major 

receptor for rheumatoid arthritis, multiple sclerosis as well as atherosclerosis (Diaz-

González 2006), and plays a role in neurodegenerative disease (Guedes et al. 

2016), HIV (Covino et al. 2016) and cancer (Lim et al. 2016). This makes the 

receptor to an interesting target for the pharmaceutical industry. CCR2, as common 

among the chemokine receptor family, couples to Gαi, mobilizes intracellular Ca2+ 

and inhibits the adenylate cyclase in various cell types upon activation with its 

endogenous ligand CCL2 (Myers et al. 1995, Wong et al. 1997, Preobrazhensky et 

al. 2000, Tian et al. 2008). While for CCR2B a clear coupling to the Gαq, as well as 

Gα11/14/16 is reported, there is a controversy discussion for CCR2A (Arai et al. 1996, 

Kuang et al. 1996, Tian et al. 2008). The activated CCR2 in complex with its 

associated Gα subunit induces manifold signaling events in the cell (Figure 5), and 

controls metabolic responses, cellular proliferation and gene transcription. 
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Experiments with chimeric Gα subunits showed that the last amino acids of the C-

terminal region are critical for the interaction with the associated receptor. 

Substituting the last amino acids of the Gα16 subunit with the residues ofthe Gαz 

subunit (Tian et al. 2008), or five amino acids of the Gq subunit with residues of the 

Gi subunit (Vatter et al. 2016) allowed G protein coupling to CCR2 and altered the 

signaling pathway. 

 

 

 

 

Figure 5: Schematic illustration of the main signal transduction pathways of CCR2 

activated by its endogenous ligand CCL2 (derived from New et al. 2003, with individual 

presentation from Myers et al. 1995, Arai et al. 1996, Kuang et al. 1996, Sodhi et al. 2002, 

Jimenez-Sainz et al. 2003, O'Boyle et al. 2007, Tian et al. 2008, Vatter et al. 2016) . Both CCR2A 

and CCR2B are pertussis toxin (PTX) sensitive indicating a coupling to the Gαi subunit.  Both 

inhibit the adenylyl cyclase (AC) and regulate intracellular Ca2+ levels via phospholipase Cβ 

(PLCβ) upon Gβγ subunit release. While CCR2B couples likewise to the Gαq/11/14/16 subunits, there 

exist controversary results for the coupling of CCR2A to Gα14/16 in different cell lines. Receptor 

activation induces the Mitogen-activated protein kinases (MAPKs) pathways involved in 

transcription, either through the Ras/Rac pathway or protein kinase C (PKC) dependent. The 

expression of the transcription factor NF-κB and CREB is induced to the Akt/protein kinase B 

(PKB) pathway. The transcription factor SRF (Serum response factor) is mediated through the 

RhoA pathway via the RhoA specific guanine nucleotide exchange factor p63RhoGEF. 
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1.2.4 Structural insights and small molecular ligands 

Several mutagenesis and deletion studies are described to determine the 

importance of single amino acids or protein regions in receptor stability and 

functionality (Wong et al. 1997, Tan et al. 2013). A schematic illustration of the 

primary structure of CCR2 is given in (Figure 6A), highlighting different 

posttranslational modifications and important conserved motifs. CCR2 is a 

glycoprotein, when expressed in HEK293 cells (Preobrazhensky et al. 2000) and 

like other chemokine receptors contains a DRY motif, which is involved in functional 

expression and chemotaxis of the receptor (Auger et al. 2002), as well as the G 

protein binding interface in CCR2 (Zheng et al. 2016). Cysteine residues in the N-

terminal region and the extracellular loops are likely to form disulfide bridges. For 

CCR5 two disulfide bridges are described, connecting the ECL1 and the ECL2, as 

well as the N-terminus and the ECL3 (Tan et al. 2013). 

 

 

 

Figure 6: (A) Schematic illustration of the wild-type amino acid sequence of CCR2A 

showing the potential sites for posttranslational modifications and (B) structure of a 

tertiary CCR2B complex. N-linked glycosylation site (red), tyrosine sulfation (green), disulfide 

bridges (orange) and phosphorylation sites (yellow) are highlighted. The DRY motif is marked in 

blue, its tyrosine is phosphorylated as well (drawn using the Uniprot ID: P41597). (B) Structure 

of the tertiary CCR2 complex, with the orthosteric antagonist BMS-681 (pink) and the allosteric 

antagonist CCR2-RA-[R] (yellow) (Zheng et al. 2016, page 459). 
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During my work on the evaluation of the CCR2A crystal structure the crystal 

structure of the CCR2B receptor in a tertiary complex with both orthosteric and 

allosteric antagonist has been described (Figure 6B), clearly identifying the disulfide 

bridge between Cys113-Cys277, connecting TM3 and ECL2, but missing the 

electron density for the second disulfide bridge (Zheng et al. 2016). 

In chemokine receptors an extracellular orthosteric binding pocket, as well as an 

intracellular allosteric binding pocket has been described, (Maeda et al. 2006, 

Scholten et al. 2012, Oswald et al. 2016), so for CCR2 (Zweemer et al. 2013). The 

orthosteric binding pocket can be further divided into a major and minor sub-pocket, 

build by residues from the TM regions I-III and VII or the TM regions III-VI (Surgand 

et al. 2006). The antagonist BMS-681, used for the structure elucidation of CCR2B, 

binds mainly in the minor sub-pocket of the extracellular orthosteric site. The 

antagonist CCR2-RA-[A] binds in the same intracellular allosteric site as described 

previously as widespread in class A G-protein coupled receptors (Zheng et al. 2016). 

In particular the lysine K8.49 (single letter amino acid code as given in the 

abbreviations, superscripts denote Ballesteros-Weinstein nomenclature to 

Ballesteros et al. (1995)) at the bottom of the allosteric binding pocket is highly 

conserved among chemokine receptors (68.4 %) and plays a major role in the 

interaction with several allosteric antagonists (Zweemer et al. 2014). Interestingly a 

bi-directional communication between the orthosteric antagonist BMS-681 and the 

allosteric ligand CCR2-RA-[R] has been observed (Zheng et al. 2016). A positive or 

negative cooperativity of orthosteric/allosteric ligand binding has been detected for 

several GPCRs (Shivnaraine et al. 2016, Liu et al. 2017).  

Modified CCL2 peptides, which still bound CCR2, but were unable to activate the 

receptor, proved the therapeutically relevance of CCL2 inhibitors in animal models 

of arthritis already in 1995 (Gong et al. 1995). Meanwhile small molecule CCR2 

antagonists (Xia et al. 2009) from five chemical classes have been identified: 

cinnamide (Forbes et al. 2000), carboxamide (Cai et al. 2013), benzamide (Xue et 

al. 2010) and spiropiperide (Mirzadegan et al. 2000) and cyclohexane derivatives 

(Cherney et al. 2008).  
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For this study small molecular antagonists from these different classes were 

selected based on their potency in CCL2 binding assays, excluding the cinnamides 

which are struggling from poor functional activity, and mixed CCR5/CCR2B receptor 

affinities (Baba et al. 1999). Additionally in-house small molecular antagonists from 

the pyrimidine class were tested for ligand binding and thermostabilizing CCR2. The 

orthosteric antagonist (MK-0812, synonym is this work EX932), proved best for 

crystallization in this study, belongs to the 2-aminooctahydrocyclopentalene-3a-

carboxamides and significantly inhibits the infiltration of macrophages in mouse 

models (Wisniewski et al. 2010).  

Although several CCR2 small molecular antagonist are available and there are 

several clinical trials under investigation (http://www.clinicaltrials.gov), no CCR2 

ligand past the clinical trials so far. Possible reasons are described in chapter 1.1.  

 

1.3 CC chemokine receptor 3 (CCR3) 

 

CCR3 is expressed on eosinophils (Combadiere et al. 1996), basophils (Uguccioni 

et al. 1997), Th2 type T lymphocytes (Sallusto et al. 1997) and mast cells 

(Romagnani et al. 1999). The receptor is activated by all three members of the 

eotaxin1-3 chemokine family (CCL11, CCL24 and CCL26), albeit with selectivity for 

CCL24 and CCL26 (Allen et al. 2007). Signaling events induced by the activated 

CCR3 are illustrated in Figure 7.  

CCR3 is especially known for its intensively studied role in asthma (Bertrand et al. 

2000), as well as allergic rhinitis and atopic dermatitis (Pease 2006). Additionally to 

its role in allergic inflammation CCR3 is involved in choroidal neovascularization and 

in this content described as a target for age-related macular degradation, a leading 

cause of blindness (Takeda et al. 2009). CCR3 serves as co-receptor for some 

isolates of HIV-1 (Choe et al. 1996) and more recently is described for its role in 

neurodegenerative diseases especially Alzheimer’s disease (Huber et al. 2016). 

The high evidence of CCR3 involved in allergic disease and the emerging 

therapeutically targets make the receptor to an interesting drug candidate. 

 



                                                                          Introduction 
 

12  

Several different strategies have been tested for drug design including different 

small molecular antagonists (Gong et al. 2009, Pease et al. 2009, Willems et al. 

2010), as well as  antisense oligonucleotides (Bhowmick et al. 2008) and 

monoclonal antibodies (Catley et al. 2011). Although some small molecular 

antagonists for CCR3 went into clinic trials, none passed struggling from the lack of 

efficacy, toxicity and problems with pharmacokinetic properties and drug 

metabolism. One example is the oral CCR3 antagonist GW7669944 for the 

treatment of asthma from GlaxoSmithKline (Neighbour et al. 2014). To date there 

are only a few drug candidates in clinical development (http:// www.clinicaltrials.gov, 

Oct. 2017).   

The fast growing available structural information of GPCRs significantly increased 

the understanding of ligand binding and receptor activation and supports the drug 

discovery process. Although the expression of CCR3 in E. coli (Ge et al. 2015) and 

HEK293 cells (Wang et al. 2013) and the successful purification of active CCR3 in 

detergent micelles is described, no protein crystal structure is available so far. 

 

 

Figure 7: Schematic illustration of the signal transduction pathways induced by activated 

CCR3 (derived from New et al. 2003 with individual representation from Kampen et al. 2000). 

CCR3 couples to the Gα14/16, as well as Gi subunit. The receptor inhibits the adenylyl cyclase, 

regulates intracellular Ca2+ levels via phospholipase Cβ and mitogen-activated protein kinases 

pathways involved in transcription. In eosinophils CCR3 mediates the activation of ERK-2 and 

p38 but not JNK. 

 

http://www.clinicaltrials.gov/
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1.4  GPCR crystallization: challenges and advances 

 

In 2000 the first high resolution X-ray structure of a GPCR, bovine rhodopsin, was 

solved (Palczewski et al. 2000). However it took further seven years of 

investigations to gain the first high-resolution structure of human origin. The ß2 

adrenergic receptor was displayed at 2.4 Å resolution (Cherezov et al. 2007, 

Rosenbaum et al. 2007). In 2012, the Nobel prize of chemistry was awarded to R. 

Lefkowitz and B. Kobilka for their studies on GPCR (Lin 2013).  

With the introduction of the lipidic cubic phase crystallization (LCP) approach 

(Caffrey et al. 2009) the number of solved high-resolution 3D X-ray structures in this 

research field grew rapidly. Especially the ß2 adrenergic receptor with 34 structures 

(Date: 19. Oct. 2017, http://gpcrdb.org) gives a great insight in ligand binding modes, 

activation and function of GPCRs. So far most crystal structures available from 

different class GPCRs are in their inactive conformational state. That means the 

number of fully activated non-rhodopsin receptors is still limited, supposing a higher 

stability of the inactive conformational state. The first structure of a fully activated 

receptor giving insight in transmembrane signaling is the high-resolution structure 

of the ß2 adrenergic receptor-Gs protein complex (Rasmussen et al. 2011). The 

chemokine receptor CXCR4 in complex with the viral chemokine vMIP-II, together 

with modeling data, gives the first insight in interactions of a chemokine receptor 

with a chemokine ligand (Qin et al. 2015) and in the group of CC chemokine 

receptors recently the CCR5 structure in complex with a chemokine antagonist was 

published (Zheng et al. 2017). 

 

1.4.1 Challenges towards the structure  

Expression. GPCRs are challenging throughout all processes towards well-

diffraction protein crystals, requiring milligram quantities of highly pure, correctly 

folded and stable protein. The first major problem arises during the expression of 

the receptor, because they are only expressed in low levels in the cell. A suitable 

recombinant expression system, overcoming the potential cellular toxicity of the 

receptor, must be generated (Rosenbaum et al. 2009). Although there are few 

examples expressing GPCRs for crystallization propose in COS-1 (Standfuss et al. 
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2007) and HEK293 (Burg et al. 2015) mammalian cells, E. coli (Egloff et al. 2014) 

and yeast cells (Shimamura et al. 2011), the Baculovirus expression system with 

Sf-9 (Tan et al. 2013, Zheng et al. 2016) and Hi5 (White et al. 2012, Hollenstein et 

al. 2013) insect cells is most widely used. Since insect cells are able to perform most 

of the post-translational modifications known from mammalian cells and to avoid 

potential cellular toxicity, the well-established Baculovirus expression system, using 

Hi5 insect cells was chosen for expressing CCR3 and CCR2 for structural biology 

in this study. Functional assays were performed in CHO and HEK293 mammalian 

cells, which allow for tyrosine sulfation and Gi protein expression. 

Purification. Secondly the thermal stability of GPCRs is quite low and the disordered 

regions, especially the extracellular loops, are prone to proteolysis (Rosenbaum et 

al. 2009). The receptor must be sufficiently stabilized during the purification 

procedure, which involves the extraction of the GPCR from its native environment 

using detergents. Detergent micelles, mimicking this environment, need to solubilize 

the target protein in high amounts and keep it stable during purification (Seddon et 

al. 2004). In the last years some “new detergents” for the solubilization of GPCRs 

have been described including the maltose-neopentyl glycol (MNG) amphiphilic 

family (Chae et al. 2010) and their analogous (Cho et al. 2015). Nearly all 

successfully crystallized GPCRs were either purified in the non-ionic detergent n-

dodecyl-β-maltoside (DDM) or MNG, in complex with varying concentration of 

cholesterol hemisuccinate (CHS). Exceptions are the ß1 adrenergic (Warne et al. 

2008) and the CCR9 (Oswald et al. 2016) receptor in decyl-maltoside (DM), the M2 

receptor solubilized in digitonin/Na-Chlorat and exchanged to DM (Haga et al. 2012) 

and the corticotropic releasing factor 1 in DM (Hollenstein et al. 2013). The CC 

chemokine receptor 5 (SI homology of 71 % to CCR2B) was purified using a 

combination of DDM and CHS (Tan et al. 2013), as well as the CCR2B receptor 

(Zheng et al. 2016).  

 

Crystallization. Finally GPCRs are highly dynamic proteins, existing in several 

conformational states from the inactive to active receptor. Together with this high 

flexibility the limited hydrophilic regions present to build up crystal contacts 

(additionally masked by detergent micelles), hamper the process to diffraction 

quality GPCR crystals. So far all five available crystal structures of chemokine 

receptors, as well as GPCR structures in general, are captured in their ligand bond 
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state, either with its antagonist (Tan et al. 2013, Oswald et al. 2016, Zheng et al. 

2016) or agonist (Burg et al. 2015). This is a common procedure among the structure 

evaluation of GPCRs to rigidify the receptor in one conformation and support 

crystallization. New crystallization methods such as LCP (more detailed explanation 

see chapter 3.1.7), where the protein is reconstituted in a lipidic system (Caffrey et 

al. 2009), in meso in situ serial X-ray crystallography (IMISX) (Huang et al. 2015) 

and improved screening methods for protein crystals like the X-ray free electron 

laser (Schlichting et al. 2012) and serial femtosecond crystallography (Liu et al. 2013) 

promoted the fast growing progress of high-resolution X-ray structures of GPCRs in 

the last years. 

Further literature known stabilizing strategies, to design a CCR2 crystallization 

construct, suitable for high-resolution crystal structure determination, like point 

mutations (Heydenreich et al. 2015), fusion partners (Chun et al. 2012) and N-/C-

terminal truncations (Tan et al. 2013, Oswald et al. 2016, Zheng et al. 2016) are 

described in following section. 

1.4.2 Construct design 

Point mutations. Point mutations may be used to improve receptor homogeneity, by 

deleting potential sites for post-translation modifications, e.g. potential glycosylation 

sites as for the histamine H1 receptor (Shimamura et al. 2011) and the muscarinic 

receptors M1-M4 (Haga et al. 2012, Thal et al. 2016). In addition they can increase 

the overall stability of GPCRs. A method for the determination of protein stability is 

to identify its thermostability (the melting point). High thermostability has been 

shown to increase the likelihood of successful crystallization and to improve the 

resolution of the final structure (Dupeux et al. 2011). There are three groups of 

mutations, which are described as potentially thermostabilizing: (1) mutations 

involved in the activation mechanism, (2) mutations stabilizing the inactive 

conformational state of the receptor and (3) mutations of residues interacting with 

lipids or detergents. The transferability of potential thermostabilizing mutations is 

likely between very close related receptors, but the overall transferability even in 

class A GPCRs is < 5 %. However there are some potential relevant mutations 

described, as for example stabilizing the conformational flexible TM5 (Heydenreich 

et al. 2015). In same GPCRs a salt bridge between R3.50 in TM3 and D/E6.30 in TM6  

is described to lock the two TMs in an inactive state conformation and is therefore 
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referred to “ionic lock” (Cong et al. 2017). In CCR5 the thermostabilizing mutation 

A6.33D was described, to form this salt-bridge and lock the receptor in the inactive 

conformation (Tan et al. 2013).  

N- and C- terminal truncations. The truncation of the long, flexible and unstructured 

N- and C-terminal regions is another possibility to enhance thermostability and 

general receptor stability and improve the likelihood of growing protein crystals. Site 

effect by removing the N- or C-terminus is the improved homogeneity of the receptor, 

since many GPCRs contain an N-linked glycosylation site at the N-terminus and/or 

C-terminal phosphorylation and palmitoylation sites (Piscitelli et al. 2015). The 

crystallization constructs of the chemokine receptors CXCR4 (Wu et al. 2010), 

CCR5 (Tan et al. 2013) and CCR2B (Zheng et al. 2016) are C-terminal truncated by 

approximately thirty amino acids and CCR9 is N-terminal as well as C-terminal 

truncated (Oswald et al. 2016). In total from all available unique GPCR structures 

more than 70 % are truncated either at the C- or N-terminus or vice versa. 

Fusion partners. The insertion of fusion partners into highly flexible regions of 

GPCRs is a common tool for structure evaluation. That are the intracellular loops (in 

most cases the ICL3) or more recently at the N-terminus of the receptor not to 

disturb the G protein interaction. Different fusion domains for the optimal insertion 

in the ICL3 are described as e.g. xylanase and flavodoxin, linking the intracellular 

ends of the helices V and VI according to their native distance from 6 to 14 Å. In 

these chimeric receptors the soluble fusion domain provides large and stable 

surfaces for the formation of crystal contacts (Chun et al. 2012). The first and most 

widely fusion protein successfully used is the T4 lysozyme (T4L) initially inserted in 

the ICL3 of the β2 adrenergic receptor (Cherezov et al. 2007) and e.g. used for 

crystallizing the chemokine receptors CXCR4 (Wu et al. 2010) and CCR2B (Zheng 

et al. 2016). A thermostabilized apocytochrome b562RIL either at the N-terminus 

(Thompson et al. 2012) or inserted in the ICL3 (Wacker et al. 2013, Wang et al. 

2013), as well as more recently rubredoxin in the ICL3 of CCR5 (Tan et al. 2013) 

and the catalytic domain of Pyrococcus abyssi glycogen synthase in the orexin 2 

receptor (Yin et al. 2015), complement the fusion partner toolset.  
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1.5 Thesis Motivation  

 

GPCRs are involved in a broad range of disease including inflammatory, 

cardiovascular and neurogenic disease, as well as HIV and cancer. This make them 

attractive targets for the pharmaceutical industries, indeed 30 % of available drugs 

target this receptor class. So far only one third of all characterized GPCRs are 

addressed. Especially chemokine receptors, which are known for its role in 

inflammatory disease for a long time are targeted by only two ligands on the market 

(for CCR5 and CXCR4). Both are implemented in non-inflammatory disease. To 

gain a deeper insight in ligand binding interactions and support the drug discovery 

process the high-resolution 3D protein structure is of great value. The structure of 

the two chemokine receptors of this study CCR2 and CCR3, was unknown when I 

started the work on my theses in December 2013. At this time limited experience 

with membrane proteins and especially GPCRs was present in the structural biology 

group at Boehringer Ingelheim. For both receptors construct design for final 

crystallization including fusion proteins, N- and C-terminal truncations stabilizing 

point mutations as well as small molecular antagonists were focus of the present 

project. During my work it turned out that CCR3 is significantly more instable than 

CCR2 und needs a broader and deeper construct optimization. So the focus for 

CCR3 was the design of stabilizing point mutations in cooperation with the group of 

Professor Vaidehi. This project was extended and investigated in the framework of 

two master theses. 

While I was working on CCR2 the 3D structure of a tertiary CCR2B receptor 

construct was published. In this work the second splicing variant of the CCR2 

receptor (CCR2A), differing in the carboxyl terminus was the focus of crystallization 

and structure solution. By testing different small molecular antagonist in biophysical 

assays and crystallization, future drug development shall be supported. 

Overall the method establishments for GPCRs like the expression, purification, 

biophysical evaluation and finally crystallization using the LCP method was the aim 

of this project.  
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2. Materials and Methods 
 

All chemicals in the present work are received from Serva or Sigma Aldrich if not 

otherwise denoted. 

 

2.1  Materials: Purification 

 

2.1.1 Detergents 

 

Cholesterol hemisuccinate (a soluble cholesterol derivate) as stabilization agent for 

GPCRs was incorporated into the detergents used for solubilization and purification. 

Stock solutions with a final volume of 50 mL were prepared as described previously 

(Apel et al. 2019). Briefly the desired detergent concentration of 10% DDM, FC-12 

or FC-14 (Table 1) was dissolved in 30 mL of 100 mM HEPES pH 7.5. 1% - 1.5% 

CHS were added and the solution was sonicated for 30 min and afterwards kept on 

a rotator for 30 min at room temperature (RT). These cycles were repeated until the 

mixture became translucent and filled up with buffer to 50 mL. The detergent/ CHS 

stock was placed on a rotator at RT until the solution turned transparent. Stock 

solutions were stored at -20°C. 

Table 1: Summary of detergents used in solubilization and stabilization of the target protein  

Detergent Class MW 
(Da) 

Aggregation 
number 

Micelle 
Size (kDa) 

CMC 
(mM) 

Provider 

n-Dodecyl ß-D-
maltoside (DDM) 

Non-ionic 510.62 98 50 0.15 Anatrace 

Fos-Choline 12 
(FC-12) 

Zwitter-
ionic 

315.5 54 54 1.5 Anatrace 

Fos-Choline 14 
(FC-14) 

Zwitter-
ionic 

379.5 108 47 0.12 Anatrace 
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2.1.2 Technical Equipment  

4635 Cell Disruption Vessel (Nitrogen bomb)  Parr Instrument GmbH 

Optima XPM-80 Ultracentrifuge    Beckmann 

Avanti® J-26 XP      Beckmann 

Dounce Homogenizer                                                   Fisher Scientific 

Talon® Metal Affinity Resin    Clontech 

Glass Econo-Column®     BIO-RAD 

ÄKTA Purifier/ Explorar     Amersham Pharmacia 

Biotech 

ÄKTA micro       GE Healthcare Life Science 

SuperdexTM 200 HiLoadTM 26/600   GE Healthcare Life Science 

SuperdexTM 200 Increase 5/150 GL   GE Healthcare Life Science 

PD-10 Desalting Columns      GE Healthcare Life Science 

Amicon® Ultra 30K and 50K    Merck 

 

2.2  Materials: Crystallization 

 

2.2.1 Preparation of monoolein/ cholesterol stock 

Monoolein/ cholesterol stocks were prepared as described by Apel et al. (2019). In 

detail monoolein (NuCheck Prep) was liquefied by heating up at 40 °C and mixed 

with cholesterol in a glass vial in a ratio of 9:1 or 10:1 (w/w) respectively. The 

monoolein/ cholesterol mixture was reheated at 40°C for 15 Min and subsequently 

vortexed for 3 min. This procedure of heating and vortexing was repeated until the 

cholesterol was entirely dissolved in the lipid (7-10 cycles). The stock solution was 

overlaid with an inert gas atmosphere to prevent oxidation (N2) and stored at -80°C 

until use (not more than two thaw and freeze cycles).  
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2.2.2 Technical Equipment 

Metallblockthermostate      VLM GmbH 

LCP Syringe, Ferrule and Coupler   Art Robbin Instruments 

LaminexTM Glass Base (100 µm)    Molecular Dimensions 

LaminexTM Glass Cover     Molecular Dimensions 

LaminexTM Spare Frames      Molecular Dimensions 

IMISXTM       MiTeGen 

Formulator TM      Formulatrix 

Crystal Gryphon LCP     Art Robbin Instruments 

Olympus SZX16 Stereomicroscpe   Olympus 

ZLED CLS 9000      Zett Optics 

Rock Imager 100 Formulatrix 

Reißnadel 150 mm forum 

Dual-Thickness MicroMountsTM (50, 75, 100, 150 µm)MiTeGen 

 

2.2.3 Initial Screens 

MemMesoTM HT-96*     Molecular Dimensions 

MemStartTM + MemSysTM HT-96*    Molecular Dimensions 

MemGoldTM HT96*      Molecular Dimensions 

MemGold2TM HT-96*     Molecular Dimensions 

JBScreen LCP                           Jena Bioscience 

JBScreen Pentaerythritol     Jena Bioscience 

Additive Screen HTTM     Hampton Research 

CALIXARTM v2.0 Additive kit    CALIXAR 

StockOptionsTM Salt**     Hampton Research 

 

* diluted to 70 % using distilled water, ** 100 and 200 mM of the 48 different salts 

were added to 1 M sodium citrate pH 5.0, sodium citrate pH 5.5, MES pH 6.0, ADA 
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pH 6.5, HEPES pH 7.0 and pH 7.5, TRIS pH 8.0 and 8.5 in a 96- well format 

(excluding the salt no. 47 succinic acid), each well contains 40 % PEG400 

 

2.3  Materials: Native ligands and small molecular antagonists 

 

2.3.1 CCR2 

Table 2: Overview about small molecular CCR2 antagonists. (Chemical structures are displayed 

in the supplementary Figure S1 and S2) 

Internal 
Compound ID 

Ki 
(nM)
1 

Chemical class MW (Da) Company 

EX1224 
 

25.7 Spiropiperidine 417 
GlaxoSmithKline (Mirzadegan et 
al. 2000) 

EX1230 0.74 Carboxamide 428 
AstraZeneca (Cumming et al. 
2012) 

EX9332 1.05 Carboxamide 470 
Janssen Research and 
Development LLC (Cai et al. 
2013) 

EX9322 0.50 Carboxamide 470 
Janssen Research and 
Development LLC (Cai et al. 
2013) 

EX326  4.05 Benzamide 578 
Incyte Corporation (Xue et al. 
2010) 

EX324  20.6 Benzamide 520 
Incyte Corporation(Chu-Biao 
Xue* 2011) 

BI895 0.77 APA 494 
Boehringer Ingelheim, internal 
synthesis (European patent: 
EP2569295-B1) 

BI849 2.75 APA 553 
Boehringer Ingelheim, internal 
synthesis (US patent: 
20130150354-A1) 

BI888 1.25 APA 581 
Boehringer Ingelheim, internal 
synthesis (US patent: 
20130150351-A1) 

BI862 0.8 APA 582 
Boehringer Ingelheim, internal 
synthesis (European patent: EP-
2721025-B1) 

EX19284 172 Benzenesulfonamide 496 
Chemocentryx Inc. (Pease et al. 
2012) 

EX8094 320 APA 336 
AstraZeneca (International 
patent: WO-2000046196-A1) 

1 Ki values examined in cellular binding assays; 2 diastereoisomere due to the chirality of the 
methoxy-tetrahydropyranyl moity; 3 Aminopyrimidinoamid; 4 allosteric ligands 
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For binding and functional assays human CCL2 was purchased from PeproTech 

(Rocky Hill, NJ; CLY100-13-100UG) and stored at -20°C both in lyophilized form or 

dissolved in a sufficient assay buffer. I125 CCL2 (bolton-hunter labeled) was 

purchased from PerkinElmer (NEX332005UC).  

 

2.3.2 CCR3 

For the biophysical evaluation the native ligand rat CCL24 (Eotaxin-2) was 

purchased from Active Bioscience (Order No. 1343.970.199) and stored at -80 °C 

both in lyophilized form or dissolved in a sufficient assay buffer. The small molecular 

antagonists used in this work are outlined in Table 3. 

 

Table 3: Overview about small molecular CCR3 antagonist (Chemical structures are displayed 

in the supplementary Figure S3) 

Internal 

Compound 

ID 

Ki 

(nM) 

Chemical 

class 

MW 

(Da) 

Species Company 

EX1272 0.3 Piperidine 482 human Bristol-Myers Squibb 

BI804 5263 Piperidine 612 rat Boehringer Ingelheim, 

internal synthesis (US 

patent: US-8278302-B2) 
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2.4  Materials: Expression  

 

2.4.1 Competent Cells 

 

Table 4: Overview of competent cells used in cloning, transformation and transposition 

 

 

2.4.2 Cell lines 

 

Table 5: Overview of insect cell lines 

Cell line  Characteristics Growth Medium Provider 

Sf9™ Isolated from the parental Spodoptera 
frugiperda cell line (ovary), cultivation in 
adherent or suspension culture, well-
established for the expression of rec. 
proteins using the Baculovirus Expression 
Vector System (BEVS) 

SF-900TM III SFM 
(serum-free) 

Gibco®  

High Five™ 
(BTI-TN-5B1-
4) 

Originating from the parental Trichoplusia 
ni cell line (cabbage looper ovary); 
comparable to Sf9TM cells, but  reported to 
yield a tenfold higher expression for 
secreted proteins 

Insect Xpress 
(serum-free; Lonza) 

Gibco®  

 

 

 

 

 

 

Strain Resistance Characteristics Provider 

Max 
Efficiency® 
DH10BacTM 

Kanamycin (bacmid) 
 
Tetracycline (helper 
plasmid) 

Competent cells for the production of 
recombinant baculovirus molecules; 
contain the bMON14272 bacmid (mini-F 
replicon, attTn7 site, lacZ 
complementation factor) and the helper 
plasmid pMON7124 (TnsABCD region) 

Invitrogen 

Library 
Efficiency® 

DH5αTM 

no natural resistance  Chemically competent cells; 
endonuclease (endA) and recombination 
(recA) deficient 

Invitrogen 

XL2-Blue Tetracycline 
 
Chloramphenicol 

Ultracompetent cells; endonuclease 
(endA) and recombination (recA) 
deficient 

Stratagene 
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Table 6: Overview about mammalian cell lines for cellular assay formats 

Cell line  Characteristics Growth Medium Provider 

HEK293-6E Human embryonic kidney cells; clone 
of the HEK293E cell line expressing a 
truncate variant  of the Epstein-Barr 
virus nuclear antigen-1 gene; serum-
free transfection ability; enhanced 
gene transcription using expression 
vectors containing CMV-based 
promoters and oriP 

Free Style TM F17 
(Gibco®) 

NRC-BRI 

CHOalpha16 CHO cell line stably transfected with 
the G-Protein subunit Gα16  

Ham’s F12* 
+ 10 % FCS 
+ 200 µg 
Hygromycin B 

Kindly 
provided by 
the laboratory 
of Dr. Silke 
Hobbie 
(Boehringer 
Ingelheim) 

CHOqi5 CHO cell line stability transfected with 
the chimeric G-Protein subunit Gqi5 

Ham’s F12 
+ 10 % FCS 
+ 300 µg 
Hygromycin B 

Kindly 
provided by 
the laboratory 
of Dr. Barbara 
Kistler 
(Boehringer 
Ingelheim) 

CHO-K1_CCR2B CHO-K1 cell line stably transfected 
with the WT CCR2B receptor 

Ham’s F12 
+ 10 % FCS 
+ 400 µg G418 
1 % Sodium-
Pyruvat 

Kindly 
provided by 
the laboratory 
of Dr. Silke 
Hobbie 
(Boehringer 
Ingelheim), 
and described 
in Apel et al. 
(2019) 

*Ham’s F12 was purchased from Biozym (Cat. No. 880074) and Sodium-Pyruvate from Thermo 
Fisher Scientific (Cat. No. 11360-070) 

 

2.4.3 Technical Equipment 

 

Corning® Cell culture flasks (75 cm2, 175 cm2)   Corning 

Falcon® Cell culture flasks (25cm2, 75 cm2, 175 cm2) Falcon 

Corning® Erlenmeyerflasks (125 mL, 500 mL, 1 L, 3L) Corning 

Erlenmeyerflasks, glassware (250 mL, 1L)   Corning 

Hera cell (Insect cell incubator)     Heraeus 

BDK-SK 1500 (Lamina flow)     BDK  

BIOSTAT® CultiBag RM 20 L basic    Satorius Stedim 

CASY® Cell Counter and Analyzer     OMNI Life Science 

NucleofectorTM 2b Device      Lonza 
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2.5  Materials: CCR3 and CCR2 expression constructs  

 

cDNA encoding the CCR2A and CCRB constructs for a functional assay measuring 

Ca2+ influx were cloned in the pcDNA 3.1 vector by GenArt life technologies with the 

restriction enzymes BamH1 and EcoRI (GenArt Life Technologies). All constructs 

were codon optimized for CHO cell expression. The protein constructs are outlined 

in Table 7.  

Table 7: Overview about CCR2A and CCR2B constructs for a Ca2+ signaling assay 

Abbr. Mutations 

CCR2A-WT none 

CCR2A_3M C70Y, G175N, A241D 

CCR2B-WT none 

CCR2B_1M C70Y 

CCR2B_2M C70Y, G175N 

CCR2B_3M C70Y, G175N, A241D 

 

cDNA encoding the CCR2 or CCR3 expression constructs (Table 8) were cloned in 

the pFastBac 1 vector from GenArt life technologies with the restriction enzymes 

BamH1 and EcoRI for insect cell expression with the Baculovirus system. 

Constructs were codon optimized. The CCR2 constructs are based on the human 

CCR2 isoform A, with exception of one construct expressing a modified CCR2B 

(Uniprot: P41597) variant for control experiments. The primary sequence of the 

wildtype CCR2A and CCR3 can be found in the universal protein database with the 

Uniprot-ID P41597-1 and P51677, respectively. The sequence of the complete 

modified constructs is shown exemplarily for CCR2 and CCR3, with two constructs 

each in Figure S4. 
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Table 8: Overview about the CCR2 constructs used throughout this study for insect and 

HEK293 transient expression. The design of CCR2 constructs is based on the information in Apel 

et al. (2019). 

Abbr. Protein construct Mutations MW (Da) 

CCR2-WT HAFLAGCCR2(2-374)Pro10xHis none 44378.11 

CCR2-Rub 
HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D, K311E 

52782.53 

CCR2-K8.49 
HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D 

52781.53 

CCR2-RubD 
HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

N14Q, C70Y, 
G175N, 
A241D, K311E 

50981.25 

CCR2-V64I 
HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

V64I, C70Y, 
G175N, 
A241D, K311E 

47475.27 

CCR2-N14Q, 
V64I 

HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

N14Q, V64I, 
C70Y, G175N, 
A241D, K311E 

50995.28 

rCCR2-∆N15 
HArCCR2(15-373)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C83Y, G188N, 
A254D, K324E 

47584.56 

CCR2-∆C13 
HACCR2(2-361)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D, K311E 

49613.77 

CCR2-∆C34 
HACCR2(2-340)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D, K311E 

47475.27 

CCR2-∆C53 
HACCR2(2-321)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D, K311E 

45587.98 

∆N28-CCR2 
HACCR2(29-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis 

C70Y, G175N, 
A241D, K311E 

47749.81 

CCR2-mT4L 
HACCR2(2-374)∆R-
GSmT4LGS(ICL3)PreSFLAGPro10xHis   

N14Q, C70Y, 
G175N, 
A241D, K311E 

58755.26 

CCR2-WT 
(ICL3) 

HACCR2(2-374) PreSFLAGPro10xHis   
N14Q, C70Y, 
G175N, 
A241D, K311E 

45325.06 

CCR2-Mut (-) 
HACCR2(2-374)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis   

none 50805.18 

CCR2- 
∆N28+∆C34 

HACCR2(29-340)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis   

C70Y, G175N, 
A241D, K311E 

44257.86 

CCR2- 
∆N28+∆C53- 
K8.49 

HACCR2(29-321)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis   

C70Y, G175N, 
A241D 

42369.57 

CCR2- 
∆N28+∆C53 

HACCR2(29-321)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis   

C70Y, G175N, 
A241D, K311E 

42370.57 

CCR2B 
HACCR2(2-360)∆CPN-
Rub(ICL3)PreSFLAGPro10xHis   

C70Y, G175N, 
A241D, K311E 

50116.07 

All expression plasmids contain an N-terminal hemagglutinin signal sequence (HA) which allows 
proper trafficking to the plasma membrane, a C-terminal PreScission (PreS) cleavage site, 
followed by a FLAG-tag and a 10x histidine tag for detecting expression and purification. 
Stabilizing fusions in the ICL3 are rubredoxin (Rub) and T4 lysozyme  (T4L) and a minimal T4 
lysozyme (mT4L) 
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For expression in HEK293 cells, plasmids were recloned in the pcDNA5/FRT 

vector (Invitrogen) as described in section 2.8.2.  

 

Table 9: Overview about CCR3 constructs used throughout this study for transient 

expression in Hi5 insect cells 

Abbr. Protein construct Mutations Species MW (Da) 

hCCR3-WT CCR3 (1-355) none human 41044 

hCCR3-355 HAFLAGCCR3(2-355)Pro10xHis none human 43507 

hCCR3-
355-T4L 

HAFLAGCCR3(2-
355)GST4LGS(ICL3)Pro10xHis 

none human 61892 

21-hCCR3 HAFLAGCCR3(21-355)Pro10xHis none human 41410 

hCCR3-325 HAFLAGCCR3(2-325)Pro10xHis none human 40276 

hCCR3-340 HAFLAGCCR3(2-340)Pro10xHis none human 41963 

hCCR3-
340-T4L 

HAFLAGCCR3(2-340) 
GST4LGS(ICL3)Pro10xHis 

none human 60347 

hCCR3-
340-mT4L 

HACCR3(2-
340)GSmT4LGS(ICL3)PreSFLAGPro10xHis 

none human 56320 

hCCR3-
340-BRIL 

HACCR3(2-
340)GSBRILGS(ICL3)PreSFLAGPro10xHis 

none human 54772 

hCCR3-
340-Rub 

HACCR3(2-340)∆CPS-
RubPreSFLAGPro10xHis 

E172N, 
A241D, 
R311E 

human 50422 

rCCR3-359 HAFLAGCCR3(2-359)Pro10xHis none rat 44107 

rCCR3-344 HAFLAGCCR3(2-344)Pro10xHis none rat 42559 

rCCR3-
344-T4L 

HACCR3(2-344)GST4LGS(ICL3) 
PreSFLAGPro10xHis 

none rat 63530 

rCCR3-
344-T4L 
(STaR) 

HAFLAGCCR3(2-
344)GST4LGS(ICL3)Pro10xHis 

E172N, 
A241D, 
R311E 

rat 62761 

rCCR3-
344-mT4L 

HACCR3(2-
344)GSmT4LGS(ICL3)PreSFLAGPro10xHis 

none rat 56916 

rCCR3-
344-BRIL 

HACCR3(2-
344)GSBRILGS(ICL3)PreSFLAGPro10xHis 

none rat 55369 

rCCR3-
344-Rub 

HACCR3(2-340)∆CPN-
RubPreSFLAGPro10xHis 

E172N, 
A241D, 
R311E 

rat 50992 

All expression plasmids (exception: hCCR3-WT) contain an N-terminal hemagglutinin signal 
sequence (HA) which allows proper trafficking to the plasma membrane; a FLAG-tag and a 10x 
histidine tag for detecting expression and purification either at the N- or C-terminus. Some contain 
a PreScission (PreS) cleavage site for restoring a short C-terminus. Stabilizing fusions in the ICL3 
are rubredoxin (Rub) and T4 lysozyme (T4L),  a thermostabilized apocytochrome b562RIL (BRIL) 
and the minimal T4 lysozyme (mT4L) 
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2.6  Materials: Analytical devices 

 

xCell SurelockTM Electrophoresis Cell   Invitrogen 

iBlotTM        Invitrogen 

NanoDrop™ 1000 Spectrophotometer   Thermo Scientific 

qPCR System MX 3005 P     Stratagene 

Spectropolarimeter J-715     Jasco 

DAWN® HELEOS® II     Wyatt Technologies 

Optilab® UT-rEXTM      Wyatt Technologies 

Monolith NT LabelFree     Nano Temper Technologies 

Monolith NT.115      Nano Temper Technologies 

Monolith NT.115 Pico     Nano Temper Technologies 

Prometheus NT 48      Nano Temper Technologies 

BD LSR II flow cytometer      BD Biosciences 

FLIPR Tetra® screening system    Molecular Devices 
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2.7  Methods: Cell culture 

 

2.7.1 Insect cells 

 

High Five™ Cells (Hi5) were cultured as described previously (Apel et al. 2019). In 

detail frozen 1 mL Hi5 cell aliquots (Insect Express + 10% DMSO, 107 cells/mL), 

were thawed at 30°C in a water bath. Cell suspension was resuspended in 10 mL 

of the Insect Express medium and centrifuged at 500 x g for 5 min. The supernatant 

was discarded and the cell pellet resuspended in 5 mL fresh medium. Cells were 

seeded in 10 mL medium in a T75 cell culture flask (0.6 x 106 cells/mL). Adherent 

cells were cultured at 27°C and expanded to 30 mL (T175) once ~ 95% confluence 

was reached. For suspension cultures the adherent cells were transferred into 1 L 

Fernbachflasks with an inoculation concentration of 0.2 to 0.3 x 106 cells/mL. The 

cultivation was accomplished at 27°C and 60 rpm. Cells were splitted twice a week 

(3 to 4 days), the cultivation volume was kept at maximal 0.5 L and the passage 

number of maximal 37 not exceeded. 

Sf9 cells were equivalently cultured, but thawed in TNM-FH (PAN) medium and 

adapted to suspension by decreasing initially added 10% FCS in four steps. 

Different to Hi5 cells a maximal passage number of 45 were not exceeded. 

 

2.7.2 Mammalian cells 

 

HEK293-6E cells were cultured as described previously (Apel et al. 2019). In Detail 

frozen 1 mL HEK293-6E cell aliquots (Free StyleTM F17+10 % DMSO, 2 x 107 

cells/mL), were thawed at 30°C in a water bath. The cell suspension was 

resuspended in 10 mL of preheated Free StyleTM F17 medium (25 µg/mL G418, 

0.1 % Pluronic, 1x Glutamax) and centrifuged at 200 x g for 5 min. The supernatant 

was discarded and the cell pellet resuspended in 10 mL fresh medium resulting in 

a theoretical cell concentration of 2 x 106 cells/mL. The actual cell number was 

calculated using the CASY® Cell Counter and the cells were seeded out with an 

inoculation concentration of 0.5 x 106 cell/mL using a T75 cell culture flask (starting 

volume: 10 mL.). Well-growing adherent cells were adapted to suspension in 

Corning flasks with a starting volume of 25 mL and an inoculation concentration of 
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0.2 or 0.3 x 106 cells/mL. High viable and well-growing cells were increased up to a 

total volume of 200 mL. The subcultivation of the HEK293-6E cells was performed 

over maximal 15 passages. Cells were cultivated at 37°C in an atmosphere 

supplemented with 5% CO2. Suspension cells were additionally stirred at 120 rpm. 

CHO cells. Frozen 2 mL CHO cells (Medium: Table 6 + 10 % DMSO, 1 x 107 

cells/mL) were thawed at 30°C in a water bath. The cell suspension was 

resuspended in 7 mL of preheated cell culture medium as denoted in Table 6 and 

centrifuged at 200 x g for 5 min. The supernatant was discarded and the cell pellet 

suspended in 7mL fresh medium to remove the residual DMSO resulting in a 

theoretical cell concentration of 2.86 x 106 cells/mL. The actual cell number was 

calculated using the CASY® Cell Counter and the cells were seeded out with an 

inoculation concentration of 0.3-0.5 x 106 cell/mL using a T25 or T75 cell culture 

flask (starting volume: 7 mL/15mL). Cells were subcultured at 85-95 % confluence 

(every 3-4 days). Confluent cells were dissociated with TrypLETM Express 

(ThermoFisher Scientific), a recombinant enzyme formulation of animal-free origin 

and the old medium was removed by centrifugation (200xg, 5 min). Cells were 

seeded out with an inoculation concentration of about 0.25 x 106 cells/ml (30 mL, 

T175 cell culture flask), that means were splitted 1:10, respectively 1:15 in fresh 

medium. The subcultivation of the CHO cells was performed over maximal 20 

passages. Cells were cultivated at 37°C in an atmosphere supplemented with 5% 

CO2. The stable CHO-CCR2B cell line (positive control) was cultured in passages 

as short as possible.  
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2.8  Methods: Expression in insect and mammalian cells 

 

2.8.1 Insect cells 

 

The expression of the gene of interest was accomplished using the Bac-to-Bac ® 

Bacoluvirus Expression Vector System provided by Invitrogen. 

 

Transposition in DH10BacTM. The target protein was cloned in the pFastBac 1 vector 

by GeneArt life technologies, which serves as transfer vector in the subsequent 

transposition. The lyophilized protein constructs were provided in 5 µg aliquots and 

suspended in sterile H2O (1:50). 10 ng of the donor plasmid was used for the 

transposition into 50 µL competent DH10BacTM cells (Table 4). The E. coli based 

host strain comprises the baculovirus shuttle vector (bacmid) and a helper plasmid. 

After 30 min of ice cooled incubation, the uptake of the DNA was enabled through 

thermal shock (45 sec, 42°C). Subsequently the cells were further incubated for 2 

min on ice and supplied with 450 µL preheated S.O.C. medium (RT). Following 4 

hours of growth (37°C, 200 rpm) the cells were spread on LB agar plates containing 

50 µg/mL kanamycin, 7 µg/mL gentamycin, 10 µg/mL tetracycline, 40 µg/mL IPTG 

(Roth) and 100 µg/mL Bluo-gal. After 24-48 hours of incubation (37°C) white 

 

Figure 8: Workflow of the Bac-to-Bac® Bacoluvirus Expression Vector System by Life 

technologies. Transposition of the gene of interest occurs at the mini-attTn7 target site on the 

bacmid, interrupting the LacZ gene and thereby allowing for positive clone selection. The process 

is supported by a helper plasmid.  
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colonies were additionally verified through a new cultivation cycle on LB agar plates 

with the appropriate adding’s. For starter cultures 3 mL LB medium supplemented 

with 50 µg/mL kanamycin, 7 µg/mL gentamycin and 10 µg mL tetracycline were 

inoculated with one cell clone and cultivated for 16 h (37°C, 220 rpm). The cells 

were harvested through centrifugation (3000 x g, 10 min, 4°C) and pellets stored 

at -80°C if required. 

Isolation of recombinant Bacmid-DNA. The isolation of the recombinant Bacmid-

DNA was carried out using a modified standard procedure based on the HiSpeed 

Plasmid Purification Kit by Qiagen. All buffers were available in the supplies. The 

cell pellet was resuspended in 300 µL of chilled resuspension buffer (50 mM Tris-

HCl, 10 mM EDTA, 100 µg/mL RNaseA, pH 8.0). Cell lysis followed by addition of 

300 µL lysis buffer (0.2 M NaOH, 1% SDS), consequent mixing and incubation at 

RT for 5 min. After supplementation of 300 µL neutralization buffer (K-acetate, pH 

5.5) and subsequent mixing, the lysate was incubated at - 20°C for 10 min. The 

precipitate was separated from the Bacmid-DNA at 14000 x g for 10 min (RT). The 

Bacmid-DNA in the supernatant was precipitated with 800 µL isopropanol and 

incubated at - 20°C for another 10 min. The isolated DNA was sedimented at 14000 

x g for 15 min. The next steps were performed under sterile conditions. The resulting 

supernatant was removed. The pellet was washed with 500 µL 70% ethanol and 

after 5 min of centrifugation (14000 x g, RT) the supernatant was again discarded. 

Finally the pellet was dried for one to two hours until the DNA became transparent, 

following this time the DNA pellet was resuspended in 40 µL sterile H2O. 

Successfully transformed DNA was confirmed by PCR using the pipetting scheme 

pointed out in Table 10. 
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Table 10: PCR pipetting scheme used for confirming positive transposed Bacmid-DNA 

Components Volume (µL) Provider 

Bacmid-DNA 1 - 

5x GoTaq Flexi Buffer 10 Promega 

dNTP Mix (10 mM each) 1 Roche 

Taq Polymerase ( 5U/µL) 0.5 Promega 

MgCl2 (25 mM) 3 Promega 

H2O 32.5 - 

M13 forward (20 µM) 1 MWG-Biotech AG 

M13 reverse (20 µM) 1 MWG Biotech AG 

Total 50  

M13 Forward:   5’-CCCAGTCACGACGTTGTAAAACG-3’ 
M13 Reverse:   5’- AGCGGATAACAATTTCACACAGG-3’ 

 
M13 Reverse: 5’- AGCGGATAACAATTTCACACAGG-3’ 

 

The amplification was accomplished with a T3 Themocycler (Biometra) using the 

standard program shown in Table 11. 

 

Table 11: Standard PCR program for the amplification of isolated Bacmid-DNA 

Process Time (min) Temperature (°C) Cycles 

Initial Denaturation 5 94  

Denaturation 0.45 94  
35 Annealing 0.45 55 

Extension 5 72 

Final Extension 7 72  

Hold  4  

 

The amplified DNA was supplemented with 10x loading buffer (50% glycerin, 10 mM 

EDTA, Bromophenolblue) to a final concentration of 1:10 and visualized on a 1.2% 

agarose ready-to-use E-Gel® (Invitrogen).The electrophoretic separation was 

performed at 90 V using a run time of 30 min. The DNA Molecular Weight Marker 

XVI, 250 bp (Roche) was used as reference. Negatives, id est. showing an 

amplification at 300 bp (Bacmid alone), were discarded. The Bacmid-DNA was 

stored at -20°C.  
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Transfection in Sf9 cells. The recombinant Bacmid-DNA was transfected into Sf9 

cells using Cellfectin® II Reagent (Invitrogen) a cationic lipid formulation (Figure 8). 

This method is based on the formation of lipid/DNA complexes for the gene transfer. 

The procedure followed the customer’s recommendations with some modifications. 

Briefly, 2 ml cell suspension was seeded to 6-well plates with a final concentration 

of 4.0 x 106 cells/mL including a negative control. Adherent cells (30 min, 27°C) were 

supplemented dropwise with the Cellfectin®/ DNA mixture according to Table 12. 

 

Table 12: Transfection of Sf9 cells using Cellfectin® II Reagent 

Solution Component Medium (µL) 

A 1 µg Bacmid DNA 100 

B 8 µL Cellfectin® II 100 

 both solutions were mixed and incubated at RT for 30 min 

 

The cells were incubated at 27°C for 4h. The transfection mixture was replaced by 

2 mL fresh SF-900 SFM medium. For viral infection the cells were incubated at 27°C 

for about 72h. The virus was harvested at 500 x g for 5 min (4°C) resulting in the 

viral stock P1. Compared to controls, infected cells show an increased cell diameter, 

inhibited cell growth and possible cell lysis (late stage infection). 

 

Amplification of the Virus. To increase the volume and viral titer of the viral stock P1 

three amplification passages were performed. Initially Sf9 cells were seeded at 106 

cells/ mL in 10 cm petri dishes and attached to the well surface (27°C, 30 min). As 

a negative control cells without viral infection were included. The medium was 

replaced by 2 mL fresh SF-900 SFM medium and 1 mL viral stock P1. After 1h 

incubation at 27°C the volume was increased to 10 mL with fresh medium. The virus 

was allowed to amplify 48 h at 27°C and harvested at 500 x g for 5 min (4°C) 

resulting in the viral stock P2 (first amplification). This procedure was repeated to 

the viral stock P4 (third amplification), whereas the volume in the last passage was 

increased to 25 mL starting from 2 mL medium and 3 mL virus P3. Viral stocks were 

stored at 4°C protected from light.  
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Viral Titration. For the expression of the target protein High FiveTM cells were used 

due to higher expression levels in comparison to Sf9 cells. To determine the optimal 

virus amount for an effective cell infection a viral titration series was performed in 

50 mL volumes. 106 cells/mL were infected with 0.2 µL/mL, 0.6 µL/mL, 2 µL/mL, 6 

µL/mL and 20 µL/mL of the third amplification viral stock, respectively. Additionally 

a negative control was included. The expression was accomplished at 27°C and 85 

rpm for 72 h. Cell number, diameter and viability were determined via the CASY® 

Cell Counter. 1 mL sample was taken for Western blot analysis (section 2.12.4) and 

pelletized at 2000 x g for 4 min (4°C). Based on the signs of infection determined 

via the CASY® Cell Counter and the Western Blot results the suitable volume of the 

virus stock was chosen for large scale expression.  

 

Large Scale Expression was performed as described previously (Apel et al. 2019). 

Successfully expressed protein constructs were scaled up to approximate 7 L 

(maximal 8.5 L) using Wave cultivation bags (BIOSTAT®, CultiBag RM, 20 L basic, 

Satorius Stedim). 106 Hi5 cells/mL were seeded out in a starting volume of 3.0 L. A 

batch cultivation was performed overnight (27°C, flowrateO2= 0.52 L/min, r= 11/min 

rock frequency, a=0.8°) and the reached viable cell number was determined using 

the CASY® Cell Counter. Finally the cell suspension was increased to a volume of 

7 to 8.5 L with a total cell concentration of 106 cells/mL. Cells were infected with the 

appropriate virus volume. After 72 h of expression time, cells were harvested 

(2500xg. 60 min, 4°C) and the pellet was stored at -80°C.  

 

2.8.2 HEK293 cells 

 

For the expression of the recombinant proteins in HEK293-6E cells, the plasmid-

DNA provided by GeneArt (pFastBac vector 1) was extracted and cloned in the 

pcDNA5/FRT vector (Invitrogen). Plasmid maps are in the supplementary Figure 

S4. 

DNA-Isolation. Initially Plasmid-DNA for the cloning in the pcDNA5/FRT vector was 

amplified using the competent E. coli strain DH5αTM. 10 ng of plasmid-DNA were 

used for the transformation in 50 µL cells through thermal shock as described in 

chapter 2.8. After allowing 1 h of cell replication at 37°C and 130 rpm the cells were 
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spread out in a 1:10 dilution on LB-agar plates containing 50µg/mL ampicillin. The 

agar plates were incubated for 16 h at 37°C and a single cell clone was used for the 

inoculation of 3 mL starter cultures (LB-medium supplied with 50 µg/mL ampicillin). 

Plasmid-DNA was isolated using the HiSpeed Plasmid Purification kit by Qiagen 

following the manufactures recommendations. For further details it is referred to the 

user’s manual. The concentration of purified DNA resulting from this anion exchange 

based method was determined using the NanoDrop®.  

Plasmidextraction. The target DNA fragment was extracted from the pFastBac 

vector using restriction enzymes as pointed out in Table 13. The vector DNA was 

digestion identically. The enzyme-DNA mixture was incubated at 37°C for 2 h. The 

DNA fragments were electrophoretic separated on a ready-to-use 1% agarose Mini 

Gel (BIO-RAD) at 90 V for 60 min. Therefor the DNA-fragments were stained 1:10 

with 10x loading buffer (50% glycerin, 10 mM EDTA, Bromophenolblue) and applied 

to the gel covered with TRIS-Acetate-EDTA (TAE) running buffer. The DNA 

Molecular Weight Marker XVII, 500 bp (Roche) was used as reference. Successfully 

restricted DNA-fragments were extracted from the gel and solubilized using the 

NucleoSpin Extract II kit (Machery-Nagel). For details is referred to the user’s 

manual. The DNA bound to the silica membrane of the provided columns was finally 

eluted in 40 µL H2O. Quality and concentration of the DNA were determined by 

NanoDrop®. Samples were stored at -20°C if required. 

 

Table 13: Restriction enzyme digestion reaction mixture 

 

 

 

 

 

Dephosphorylation of the vector DNA and Ligation to the target DNA fragment. Prior 

to ligation of the target DNA and the pcDNA5/FRT vector, the vector was 

dephosphorylated to prevent self-ligation and circulation. Both procedures were 

performed using the Rapid DNA Dephos and Ligation Kit (Roche). Shortly 1 µg of 

Components Amount (µL) Manufacturer           

Vector-DNA 1 µg - 

BamHI (10U/ µL) 1,5 NEB 

Not1 (10 U/µL) 1,5 NEB 

Puffer 3.1(10x) 1.5 NEB 

H2O up to 15 - 

BamHI 5’-GIGATCC-3’,  Not1 5’-GCIGGCCGC-3’ 
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the vector-DNA was dephosphorylated with 1 U alkaline phosphatase for 15 min at 

37°C. For the subsequent insertion of the target DNA in the pcDNA5/FRT vector a 

ligation ratio of 3:1 (insert:vector) was selected. The ligation was performed with T4 

DNA ligase for 30 min at RT including a ligation control. 

 

Transformation in XL2 Blue cells and Plasmidisolation. To amplify the recloned DNA 

the ligation mixture was transformed in XL2 Blue ultracompetent cells (Table 4). 50 

µL cells were incubated with 1 µL ß-mercaptoethanol for 10 min on ice. 1 µL of the 

plasmid-DNA was supplied (including the ligation control) and further incubated for 

30 min. The intake of the DNA was enabled through thermal shock (30 sec, 42°C). 

Subsequently the cells were additionally incubated for 2 min on ice and supplied 

with 450 µL preheated NZY broth (42°C). Following 1 h of growth (37°C, 600 rpm) 

the cells were spread on LB agar plates containing 50 µg/ mL ampicillin. After 16 h 

of incubation (37°C) the plates were analyzed in comparison to the ligation control. 

For starter cultures 3 mL LB medium supplemented with 50 µg/ mL ampicillin were 

inoculated with a single cell clone and cultivated for 16 h (37 °C, 220 rpm). The cells 

were harvested through centrifugation (3000 x g, 10 min, 4°C) and the pellets were 

stored at -80°C if required. Plasmid-DNA was isolated using the Plasmid DNA 

Purification Kit by Machery-Nagel following the manufactures recommendations. 

For further details it is referred to the user manual. The concentration of purified 

DNA was determined using the NanoDrop®. A successful ligation/transformation 

was confirmed by restriction digestion as described previously. Additionally the 

correct insertion of the target DNA sequence in the pcDNA5/FRT vector was 

confirmed by paired end sequencing (Eurofins MWG operon, Ebersberg) using the 

primer shown in Table 14. 

 

Table 14: Forward and reverse primer for end paired sequencing of plasmid-DNA cloned in 
the pcDNA5/FRT vector 

Primer Sequence 

Forward  5’-GTCTATATAAGCAGAGCTC-3’ 
Reverse  5’-GTGGCACCTTCCAGGGTC-3’ 

 

For sequencing 1 µg of DNA was diluted in 15 µL distilled H2O. Results were 

analyzed using Vector NTI.   
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Transfection and Expression. For the expression of the target protein in HEK293-

6E, the cells were transiently transfected as described by Apel et al. (2019) using 

293fectinTM reagent (Invitrogen). A DNA working concentration of 75 µg/ 100 mL cell 

culture was used. For preparing the DNA-Lipid complex, 2 x 25 mL transfection 

medium (opti-MEM®I, Invitrogen) was prepared, in one tube 375 µg DNA and in the 

other tube 750µL 293fectinTM were added. After incubation for 5 min at RT, the DNA 

was mixed with the transfection reagent and the mixture was incubated for another 

30 min at RT. Meanwhile the HEK293-6E cells were prepared in a 450 mL volume 

with a concentration of 1.1 x 106 cells/mL (Freestyle F17, 25 µg/mL G418, 0.1 % 

Pluronic F-68, 1x GlutaMaxTM). Cell numbers were detected using the CASY® Cell 

Counter. The DNA-Lipid complex was added to the cell suspension to a final volume 

of 500 mL and a cell concentration of 106 cells/mL. The expression was 

accomplished at 37°C, 60 rpm and 5 % CO2. 24h post-transfection 0.5 % Tryptone 

N1 was added, which was shown to increase the expression level (Pham et al. 2005). 

After 48 h cells were harvested by centrifugation at 500 x g for 15 min and 

membranes were directly prepared without storage/ freezing of the cell material 

(chapter 2.9.1).  

 

2.9  Methods: Functional Assays 

 

2.9.1 Scintillation proximity Assay with CCR2- HEK293 membranes 

 

Membrane preparation was accomplished as described previously (Apel et al. 2019) 

“Cells were washed twice with washing buffer (1x PBS +0.5 mM MgCl2, 0.9 mM 

CaCl2, pH 7.2) (500 x g, 15 min, 4°C) and finally resuspended in the same buffer 

supplemented with EDTA-free complete protease inhibitor cocktail (Roche). Two 

rounds of dounce homogenization (10 min on ice) were applied to disrupt the cells. 

Whole cells were separated by centrifugation (500 x g, 5 Min, 4°C) and the 

membrane fractions pelleted at 40000 x g for 30 mins. Membrane fractions were 

resuspended in ice-cold storage buffer (25 mM HEPES pH 7.2, 25 mM MgCl2, 1 mM 

CaCl2, 10 % glycerol), adjusted to a final concentration of 5 mg/mL as determined 

by Bradford assay” (chapter 2.12.2) “and stored at -80°C” (Apel et al. 2019, page 
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e3). Successful expression was determined by Western Blot analysis (chapter 

2.12.4). 

 

Radio ligand binding Assay was performed as described previously (Apel et al. 

2019). “All radio ligand binding assays were performed at RT in a 80 µL reaction 

volume containing assay buffer (25 mM HEPES pH 7.2, 9 mM MgCl2, 0.5 mM CaCl2, 

0.2 % BSA), adjusted HEK293 membranes at a concentration of 4 µg/20 µL, 200 µg 

PVT-WGA beads (PerkinElmer), at least 40000 cpm/20 µL CCL2, [125I]-bolton-

hunter labeled (PerkinElmer)” (Apel et al. 2019, page e3) and unstained- CCL2 

(Cedarlane)/ EX932/ EX809/ EX1928 for competition assays. Since photon 

emission is only induced by proximity to the radio-labeled ligand, the signal is 

directly proportional to ligand-receptor complexes. Specific binding was determined 

by subtracting the maximal displacement on a pcDNA5/FRT vector control. “The 

reaction was incubation for 2h at RT and radioactivity was determined using the 

MicroBeta® TriLux” (Apel et al. 2019, page e3). As a positive control a CHO-K1 cell 

line stably expressing CCR2B (Table 6) was used. Two independent experiments 

in technical triplicates were performed. 

 

IC50 determination. Using the Graph Pad Prism Software version 7.0, normalized 

dose response curves were fitted to the equation: 

 

 𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚

1+10(𝑙𝑜𝑔𝐼𝐶50−𝑥)×𝐻𝑖𝑙𝑙           (1) 

 

Where x is the concentration of the ligand and Hill indicates the Hill coefficient. 

 

2.9.2 Cell surface expression on CHO cells and Ca2+ Signaling Assay 

 

Different cDNAs encoding modified CCR2A constructs either by N- and C- terminal 

truncations, fusions or point mutations were cloned into the pcDNA3.1 vector 

(GeneArt Life Technologies). CHOα16 (stably expressing the chimeric Gα16 subunit) 

or CHOqi5 cells (stably expressing the chimeric Gqi5 subunit) kindly provided by 

Barbara Kistler (Boehringer Ingelheim Pharma GmbH & Co. KG) were cultured in 

Ham’s F12 medium with 10 % (v/v) fetal calf serum and 300 µg/ml hygromycine B. 
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As a positive control a CHO-K1 cell line stable expressing CCR2B kindly provided 

by Silke Hobbie (Boehringer Ingelheim Pharma GmbH & Co. KG) was maintained 

in the same culture medium with 400 µg/ml geneticine and 1 % (v/v) sodium 

pyruvate. CHO cells were transiently transfected with plasmids encoding CCR2 or 

CCR2 mutants by nucleofection using the NucleofectorTM 2b Device according to 

the manufactures instructions. Transfected cells were incubated for 16-24 h at 37°C, 

5 % CO2 prior analysis. 

 

Fluorescence associated cell sorting (FACS). Cells were harvested by 

centrifugation (400 x g, 5 min, RT), and the cell pellets were resuspended in 1x PBS. 

Following a second wash in 1x PBS the cells were stained with Anti-human CCR2-

Phycoerythrin (R&D Systems) or as an isotype control with mlgG2B-Phycoerythrin 

(R&D Systems) and incubated for 15 min in the dark. Then, cells were washed twice 

with 1x PBS and fixed with cellfix (BD Biosciences). The screening was performed 

using the BD LSR II flow cytometer at an excitation wavelength of 496 nm.   

 

Calcium flux assay. Cells were loaded with FLIPR® calcium 6 dye (Molecular 

Devices) in HBSS(-) (+ 20 mM HEPES, pH 7.4, 0,1 % BSA) in the presence of 2.5 

mM probenecid (Sigma). 100 nM CCL2 (Cedarlane) at saturation concentration was 

used to stimulated the cells after 2 h incubation at 37°C (5 % CO2). The Ca2+ influx 

was monitored using the FLIPR Tetra® screening system at an excitation 

wavelength of 485 nm and an emission wavelength of 525 nm. Two independent 

experiments, each performed in technical triplicates were done. 

 

2.10 Methods: Quick change mutagenesis 

 

Full-length constructs for crystallization were deglycosylated by mutation of N14Q 

and in the final crystallization construct the prior introduced thermostabilizing K311E 

mutation in the 8th helix was back mutated using the Quick change Lightning Site-

Directed Mutagenesis Kit according to the manufactures introductions (Agilent 

Technologies).  
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Primer for site directed mutagenesis were manually designed with a length between 

approximately 25 to 45 bases, a melting temperature of ≥ 78°C and a minimum GC 

content of 40 % as outlined in Table 15 and ordered by Sigma Aldrich. 

Table 15: Primer for the site-directed mutagenesis of CCR2 

Glycosylation site: N14Q 

Forward 5’-

TCCCGCTTCATCCGCAACACCCAGGAGTCCGGCGAGGAAGTG

ACC-3’ 

Bases:45 nt 

GC: 64 %  

Tm = 87 °C 

Reverse 5’-

GGTCACTTCCTCGCCGGACTCCTGGGTGCGGATGAAGCGGGA

-3’ 

Bases: 42 nt 

GC: 67 % 

Tm = 88 °C 

Primer for Sequencing: 

Forward 5’-TTCTGCCTGGTGTTCGCCC-3’ 

Reverse 5’-GTACAGGGGGGGCAGC-3’ 

Back mutation: E311K 

Forward 5‘-

CATCTACGCTTTCGTCGGCGAAAAGTTCCGCTCTCTGTTCCAC

ATTG-3‘ 

Bases: 47 nt 

GC: 51 %  

Tm =80 °C 

Reverse 5‘-

CAATGTGGAACAGAGAGCGGAACTTTTCGCCGACGAAAGCGT

AGATG-3‘ 

Bases: 47 nt 

GC: 51 % 

Tm = 80 °C 

Primer for Sequencing: 5`-GCATGCCTCGAGACTGCAG-3` 

 

Plasmid-DNA was transformed in XL2 blue ultracompetent cells and isolated using 

the HiSpeed Plasmid Purification kit by Qiagen following the manufactures 

recommendations (section 2.8). Successful mutagenesis was analyzed by 

sequencing (Eurofins Genomics) using the primer given in Table 15. The 

sequencing results were analyzed using Vector NTI.  

 

2.11 Methods: Purification of CCR2 and CCR3 constructs  

 

The chemokine receptors CCR2 and CCR3 were purified in a two-step purification 

procedure using immobilized metal ion affinity chromatography (IMAC) and size 

exclusion chromatography (SEC) as illustrated in Figure 9. Starting material from 

4.0 L cell culture was purified for crystallization purpose, and for biophysical assays 
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from 1.0 L. Protein for biophysical evaluation was purified without the addition of an 

antagonist, but apart from that identical as described in the following for 

crystallization purpose. The purification steps were performed at 4°C. 

 

Membrane preparation. Was performed as described previously (Apel et al. 2019). 

All purification buffers contain 1 µM of the orthosteric antagonist chosen for 

crystallization as well as 5 µg/mL Pefabloc (Roche). “Cells were lysed by thawing 

frozen cell pellets in a hypotonic lysis buffer containing 10 mM HEPES pH 7.5, 10 

mM MgCl2, 20 mM KCl, 0.5 mg/mL DNase and EDTA-free complete protease 

inhibitor cocktail (Roche)“ (Apel et al. 2019, page e3). Cell membranes were 

disrupted using the Cell Disruption Vessel (Nitrogen bomb) from Parr Instruments 

at 50 bar for 15 min. Washing of the membranes was performed by two cycles of 

dounce homogenization and centrifugation (40000 x g, 1.0 h) in the same hypotonic 

buffer. Purified membranes were supplemented with 30 % (v/v) glycerol and 2 

mg/mL iodoacetamide (in case of CCR3 membranes were prepared without the 

 

Figure 9: Schematic overview showing the purification procedure for CCR2 in the present 

work. Following cell lysis using a N2 disruption bomb and washing of the cell membrane in a 

hypotonic buffer, the receptor was solubilized using 1 % DDM and 0.1 % CHS for 2 h and 

harvested by ultracentrifugation at 100000xg. The solubilized receptor was purified by Cobalt 

affinity chromatography, the C-terminal tags were cleaved and the monomeric protein separated 

by size exclusion chromatography. 
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addition of iodoacetamide) and incubated at 4°C for 1 h prior to solubilization. If 

necessary membranes were flash-frozen in liquid nitrogen and stored at -80°C.  

CCR2 was purified as described previously (Apel et al. 2019). The membranes were 

solubilized using 1.0 % (w/v) n-dodecyl-ß-D-maltoside (DDM, Anatrace) and 0.1 % 

(w/v) cholesterol hemisuccinate (CHS, Sigma) for 3 h at 4°C. The solubilized CCR2 

“was isolated by centrifugation at 100000 x g for 1 h, supplemented with 10 mM 

buffered imidazole, pH 7.5, and incubated with TALON Superflow Metal Affnity 

Resin (Clontech, 2 mL of resin per 1 L of original culture volume) for 2 h at 4°C. After 

binding, the resin was poured into a column and washed in two cycles with 10x resin 

volumes of 25 mM HEPES pH 7.5, 150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) 

DDM, 0.05 % (w/v) CHS, 30 mM imidazole, 8 mM ATP and 10 mM MgCl2” (Apel et 

al. 2019, page e4). CCR2 was then eluted with 3.5 resin volumes (5 elutions 

incubated for 10 min) of 25 mM HEPES pH 7.5, 150 mM NaCl, 10 % (v/v) glycerol, 

0.05 % (w/v) DDM, 0.05 % (w/v) CHS, 200 mM imidazole and 10 mM MgCl2. “The 

protein was exchanged in a buffer without any imidazole using a PD-10 desalting 

column (GE Healthcare). The receptor was then treated with PreScission protease 

(10 U/mg protein, GE Healthcare) overnight to remove the C-terminal FLAG- and 

His-tag. The tag-cleaved protein was separated by size exclusion chromatography 

using a HiLoadTM 26/600 SuperdexTM pg 200 column” (Apel et al. 2019, page e3) 

and concentrated to 35-45 mg/mL using a 30-50 kDa molecular weight cut-off 

concentrator (Merck Millipore). Prior to crystallization the ligand concentration was 

increased to 100 µM and an allosteric Ligand EX809/ EX1928 was added at the 

same concentration. In case of CCR2-∆N28+∆C53-K8.49 for crystallization 

purification was carried out from Robert Cheng and the protein was concentrated to 

20-25 mg/mL (LeadXpro). 

CCR3. Purification was identical to CCR2, in exception of the detergents for 

solubilization. CCR3 was solubilized at 4°C for 12 h in either 1 % DDM/ 0.1 % CHS, 

1 % FC-12/0.1 % CHS and 1 % FC-14/ 0.1 % CHS. In case of the fos-choline 

detergents the detergent was exchanged to DDM/CHS during affinity 

chromatography using the same buffers as described for CCR2.  
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2.12 Methods: Protein analytics 

 

2.12.1 Determination of the Protein Concentration using the NanoDrop  

Concentrations from purified protein samples were determined using the 

NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific). The absorption 

was measured at 280 nm according to the Lambert-Beer-Law: 

Aλ =  ϵλ  × c × d             (2) 

where the absorption (A) is linearly related with the protein concentration (c) in 

dependence from the extinction coefficient (ϵ) and the path length (d). 

2.12.2 Determination of the Protein Concentration using the Bradford Assay  

Protein concentrations from crude cell membranes were determined using the 

spectroscopic Bradford protein assay (Bradford 1976), which is based on a shift of 

the absorption maximum of the dye Coomassie® Brilliant Blue G-250 upon binding 

to the protein. The protein sample was stained with BIO-RAD protein assay 

concentrate containing Coomassie® Brilliant Blue G-250 (10 µL sample + 1000 µL 

dye). Samples were mixed and incubated for 5 min at RT. The optical density was 

measured at 595 nm using the UV/Vis Spectrometer Lamda 12 (PerkinElmer). 

Protein concentrations were calculated on the basis of standard curves developed 

with BSA samples of defined concentrations.  

2.12.3 SDS-PAGE  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to analyze the purity of protein samples (Laemmli 1970). The anionic detergent SDS 

denatures the protein and applies a negative charge to the protein in the SDS 

micelle. The protein is separated in a polyacrylamide matrix of defined pore size by 

applying an electric field. Since boiling of membrane proteins causes further 

aggregation of the protein, membrane protein samples are applied to SDS-PAGE 

without prior boiling. But SDS alone cannot denature the protein samples completely, 

resulting in more compact protein conformations with faster migration behavior. As 

common among membrane proteins the apparent band on SDS-PAGE is 

approximately 80 % smaller than the actual molecular weight. All samples either 

resulting from pellets or supernatant were mixed with Laemmli sample buffer (to 1 x 
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buffer, 5 g SDS, 20 mL glycerol, 5 mL bromophenol blue, 1.96 g tris and 10 mL ß-

mercaptoethanol) and were directly applied onto the gel without heating. Cell pellets 

were resuspended in 150 μL H2O per 106 cells/mL and protein samples were diluted 

to 2.5 to 20 µg. NuPAGE® 4-12% Bis-Tris precast Mini Gels (Life Technologies) 

were run in NuPAGE® MES SDS running buffer (Life Technologies) in a Xcell 

SurelockTM Mini-Cell champer (Life Technologies). The electrophoretic separation 

was performed at 207 V for 35 min. The unstained protein standard Test Mixture 6 

(Serva) was used as a reference (97.5-67-45-29-21-12.5-6.5 kDa). Proteins were 

visualized by staining 1 h with Instant BlueTM (Expedeon) and the background was 

distained with H2O (3x exchanged in 1 h). Gels were finally dried in DryEase Mini 

cellophane foil (Life Technologies) for future storage. 

2.12.4 Western Blot  

Immunoblotting or Western Blotting was used to specifically identify the proteins, by 

polyclonal or monoclonal antibodies to specific antigens (Renart et al. 1979). Protein 

samples were separated in a SDS-PAGE as described before and transferred to a 

nitrocellulose membrane (iBlot® Gel transfer Stacks, Invitrogen Corporation) using 

the iBlot® system provided by Invitrogen Corporations. Protein-transfer was 

performed in 7 min and successful blotting was monitored by reversible staining with 

Ponceau S (Sigma). The unstained protein standard was marked manually. Non-

specific binding was blocked with 3 % BSA in TBS (50 mM TRIS, 150 mM NaCl) for 

45 min. Subsequently the membrane was washed three times for 5 min in TTBS 

(pH 7.5, 50 mM TRIS, 150 mM NaCl, 0.05 % Tween). The membrane was then 

incubated with 1µg/mL primary antibody (Table 16) for 1 h, followed by another 

washing cycle to remove unbound antibody. 0.3 µg/mL secondary antibody coupled 

to alkaline phosphatase was added for 30 min, tagging the antigen-antibody 

complex. After a new washing cycle the proteins were stained by 1-Step NBT/BCIP 

(Thermo Fisher Scientific), an alkaline phosphatase substrate.   
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Table 16: Primary and secondary antibodies used for specific protein detection 

Antibody Species Provider 

Anti-Penta-His antibody (monoclonal) mouse Qiagen GmbH 

Anti-hCCR2 antibody (polyclonal) rabbit Invitrogen 

Anti-mouse IgG AP-conjugated mouse Sigma-Aldrich 

Anti-rabbit IgG AP-conjugated rabbit Sigma-Aldrich 

 

2.12.5 N-terminal sequencing  

N-terminal Edman sequencing of purified CCR2, was performed to determine 

whether the HA-signal sequence was properly processed and to define N-terminal 

sites prone to proteolysis. 5 µg of the protein were separated by SDS-PAGE and 

transferred to a polyvinylidene difluoride (PVDF) membrane as described before. 

After reversible staining with Ponceau S, the protein bands of interest were cut out 

and analyzed by TopLab GmbH (Dr. Michael Kieß, Martinsried) using the protein 

sequencer Procise 494 (Applied Biosystems).  

2.12.6 Mass Spectrometry  

Purified membrane protein samples in DDM/CHS directly subjected to mass 

spectroscopy resulted in a highly heterogeneous protein spectrum, which could not 

be properly deconvoluted. To improve the protein spectrum and remove the 

interfering detergent, protein samples were eluted from SDS-PAGE (stained with 

Coomassie) in an electric field. The protein band of interest was cut out and put in 

a Carl RothTM regenerated cellulose dialysis tube membrane (Thermo Fisher 

Scientifc) with PBS pH 7.5 + 1M guanidiniumchlorid (volume: 1 mL). The protein 

was eluted by applying a constant current of 100V for 4 h using an Xcell SurelockTM 

Mini-Cell champer (Life Technologies). The protein was concentrated as high as 

possible in a 20 µL volume using an Amicon Ultra centrifugal filter (Merck). Samples 

were handed over to Tanja Scheffold (Boehringer Ingelheim) and analyzed via 

MALDI-TOF (Matric assisted Desorption Ionization-Time of Flight) mass 

spectrometry. 

For in-gel protein samples, the protein of interest was cut out from the Coomassie 

gel and was as well handed over to Tanja Scheffold, who performed the analysis. 



                                                        Materials and Methods 
 

47  

Trypsin was used to digest the protein into peptides, which were also analyzed by 

MALDI-TOF. Results were interpreted using the Mascot protein identification 

program (Matrix Science, Ltd.). The results are found in the supplementary figure 

S4. 

 

2.13 Methods: Biophysical studies 

 

2.13.1 Differential Scanning Fluorimetry (DSF)  

 

Protein thermostability was tested by differential scanning fluorimetry as described 

previously (Apel et al. 2019). Upon unfolding of the protein in a temperature gradient, 

a fluorescent dye binds to the exposed hydrophobic regions and the increase in 

fluorescence is monitored. The fluorescence signal is plotted as a function of the 

temperature resulting in a sigmoidal curve, where the inflection point corresponds 

to the melting temperature (Tm), where 50 % of the protein is unfolded. Instead of 

commonly used dyes binding to hydrophobic regions of the protein, the thiol-specific 

fluorochrome N-[4-(7-diethylamino-4-methyl-3-coumarinyl) phenyl] maleimide 

(CPM), which reacts with the native cysteines embedded in the protein, was used 

in this study not to interfere with the hydrophobic detergent (Alexandrov et al. 2008). 

CPM (Invitrogen) “was dissolved in DMSO at 100 mM and stored at -20°C. Prior to 

use the dye stock was diluted 1:20 in DMSO to 5 mM and directly added to the 

sample in a final concentration of 125 µM. The tested protein was diluted in 25 mM 

HEPES pH 7.5, 150 mM NaCl, 10 % Glycerol, 0.05 % DDM, 0.005 % CHS to a final 

concentration between 5 and 20 µM” (Apel et al. 2019, page e3). The working 

volume was 20 µL in a 96-well plate, which was covered with a translucent foil and 

centrifuged at 1000 x g for 2 min prior to the measurement. For testing the stability 

effect of small molecular antagonists 100 µM of the test compound were added to 

the protein and incubated for 1 h at 4 °C. “The sample was heated up with a ramp 

rate of 1°C/min over a temperature range from 25-95°C using the qPCR System MX 

3005 P (Stratagene)” (Apel et al. 2019, page e3). Experiments were performed at 

least in two independent experiments, each pipetted in technical replicates. Using 

the Graph Pad Prism Software version 7.0 the melting temperature was determined 

from non-linear fitting of the thermal denaturation data (Huynh et al. 2015).  
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The normalized fluorescence data (amplification plots) were truncated two data 

points after the maximal value and fitted to a Boltzman Sigmoidal curve as follows:  

 

 𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚

1+10(𝑇𝑚−𝑥)×𝐻𝑖𝑙𝑙           (3) 

 

where y is the fluorescence emission, x is the temperature, bottom is the minimal 

and top the maximal fluorescence and Hill is the Hill coefficient, describing the 

steepness of the curve.  

 

2.13.2 nanoDSF  

The determination of the melting temperature with the nanoDSF technology was 

performed using the Prometheus NT48 instrument (NanoTemper Technologies). In 

comparison to the conventional DSF assay described before, nanoDSF is dye-

independent. The intrinsic fluorescence of tryptophan’s and tyrosine’s is monitored 

at a wavelength of 350 nm and 330 nm. 10 µL of the protein sample were loaded in 

glass capillaries (standard capillaries, NanoTemper technologies). Unfolding was 

determined in a temperature gradient of 20-95 °C (ramp rate 1°C/min) at an 

excitation power of 40 %. Normalized changes in the F350/F330 fluorescence ratio 

plotted to the temperature were analyzed by boltzman fit analysis as described in 

equation 3.  

2.13.3 MicroScale Thermophoresis (MST) 

The binding ability of CCR2 crystallization constructs was determined by microscale 

thermophoresis. To eliminate artefacts caused by labeling or modifying the protein, 

the intrinsic fluorescence of the receptor tryptophans was monitored using the 

Monolith.NT lablefree system (NanoTemper Technologies GmbH). CCR2 was 

diluted to 250 nM in sample buffer (25 mM HEPES, 150 mM NaCl, 10 % Glycerol, 

0.05 % DDM, 0.005 % CHS). A series of 16x 1:1 dilutions of the tested ligand (10 

mM DMSO stock solution) was prepared in the same sample buffer, keeping the 

DMSO concentration ≤ 5 %. The concentration range of the orthosteric/ allosteric 

ligands was between 10 µM- 305 pM/ 100 µM – 3.05 nM. After 5 Min of incubation 

at RT, followed by centrifugation at 12000 x g for 5 min, approximately 4 µL of each 

solution was filled into Monolith NT Premium Coated Zero Background Capillaries 

(NanoTemper Technologies GmbH). Thermophoresis was measured at an ambient 
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temperature of 22°C with 5s/30s/5s laser off/on/off times, respectively. Instrument 

parameters were adjusted to 20 % LED power and 60 % MST power. Data of 

triplicate measurements were analyzed using the MO. Affinity Analysis v2.1.5 

software using the normalized signal from Thermophoresis + T-Jump. In case of the 

allosteric ligand EX1928 the KD value was directly determined from the initial 

fluorescence signal, validated by applying a SD-Test as described in the manual 

instructions. Experiments were performed at least in two independent experiments 

2.13.4 Static light scattering (SLS) 

SEC-MALS (Multi Angle Light Scattering) was used to determine the molecular 

weight of purified protein samples and to analyze the storage stability over time. 25 

µg of the analyzing protein were separated by SEC using a Superdex200 Increase 

5/150 GL column connected to an ÄKTA MicroTM system. The running buffer was 

kept identical to the protein storage buffer (chapter 3.11). The adsorption was 

monitored at 280 nm at a flow rate of 0.15 mL/min. The intensity of the scattered 

light was determined at 658nm using a DAWN® HELEOS® II (Wyatt Technology) 

at 25°C. The refractive index was determined with the Optilab® UT-rEXTM detector 

at the same conditions. Masses were analyzed using the ASTRA® V 6.1 software 

in a conjugate analysis. To distinguish the masses of the protein and the detergent 

micelle, the specific refractive index increment (dn/dc) and the extinction coefficient 

were used as listed in Table 17.  

Table 17: dn/dc values of protein and detergents used for SLS analysis 

Molecule dn/dc (mL/g) Extinction coefficient (M-1 

cm-1)  

Literature 

Protein 0.187 CCR2**: 1.386 

CCR3**: 1.488 

Ebel (2011) 

DDM/CHS 0.133 0.003 Optilab® UT-rEXTM detector  

FC14* 0.1416 0.003 Ebel (2011) 

* neglecting the CHS as its only effects the micelle size and not the protein (Optilab® UT-rEXTM 

detector was not available), ** determined from the amino acid sequence 

The molecular weight was calculated using the simplified Zimm equation: 

𝑀𝑤 =
𝑅 (𝛩)

𝐾∗𝑐
             (4) 

Where K* is the optical constant (described in equation 5), c the protein 

concentration and R(Θ) the  rayleigh constant. 
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𝐾∗ =
4𝜋2 𝑛0

2

𝑁𝐴𝜆0
4  (

𝑑𝑛

𝑑𝑐
)2         (5) 

that means the optical constant K* is the quotient of the refractive index of solvent 

n0 and the product of the wavelength of the scattered light (λ0) and the avogadro 

constant (NA). 

2.13.5 Circular Dichroism (CD) Spectroscopy 

To characterize the secondary structure of the target protein CD experiments were 

performed on a Jasco J-715 spectropolarimeter with a 0.05 cm path length cell at 

25°C. The purified sample after SEC was diluted at 1:10 to a concentration of 0.25 

mg/mL in the analysis buffer 10 mM K3PO4 pH 7.4, 50 mM Na2SO4.The CD 

spectrum was recorded in the wavelength range from 195 nm to 260 nm of 

wavelength with 1 nm resolution and 2 seconds of average time. The protein buffer 

diluted identical to the analysis buffer was used as blank to correct for the baseline. 

Results were expressed as the molar ellipticity (Θ) plotted to the wavelength. 

 

2.14 Methods: Statistical data analysis 

 

Data were evaluated in at least two independent experiments (n=2), pipetted in 

technical replicates or triplicates, results were represented as means ± standard 

deviation (SD).  
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2.15 Methods: Crystallization and data collection 

 

Crystallization was carried out using the lipidic cubic phase (LCP) method, were the 

detergent solubilized protein is reconstituted in a lipidic mesophase. One commonly 

used lipid is the monoglycerid monoolein, which adopts the bicontinuous cubic 

phase at 20°C and 40 % water saturation (Figure 10).  

2.15.1 LCP crystallization of CCR2-RubD and ∆N28-CCR2 

Crystallization of CCR2 in glass sandwich plates was performed as described 

previously (Apel et al. 2019). CCR2 in complex with a small molecular antagonist 

EX932 was reconstituted into lipidic cubic phase by mixing with 9.9 MAG (Monoolein, 

Sigma) using a syringe mixer as described (Caffrey et al. 2009). 35 % (w/w) of the 

receptor solution was mixed with 61.5 % monoolein (w/w), additionally 

supplemented with 3.5 % cholesterol (w/w). Crystallization trials were performed in 

96-well glass sandwich plates (Molecular Dimensions). “The LCP drops were 

pipetted in a bolus volume of 50 nL using a gryphon robot and overlaid with 800 nl 

of precipitant solution per well” (Apel et al. 2019). Crystallization plates were 

automatically imaged at day 0, 1, 3, 5, 8, 13 and 34 using the Rock Imager 100 

 

Figure 10: Phase diagram of the monoolein/ water system. Ia3d and Pn3m represent cubic 

phases (Caffrey et al. (2009), page 707)). 
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(including an image under cross polarized light at day 0, 3, 8, 21). Data were 

collected and analyzed in Rock Maker 3.10.1.1. Crystals appeared immediately and 

grew to its full size within one week. Crystals were harvested from the glass 

sandwich plate by carefully cutting of the glass coverslip as described previously 

(Caffrey et al. 2009) and mounted using MiTeGen MicroMounts. The crystals were 

directly frozen in liquid nitrogen.  

2.15.2 LCP crystallization of CCR2-∆N28+∆C53-K8.49 

This was done by Robert Cheng (LeadXpro) as described previously (Apel et al. 

2019). CCR2 were “reconstituted into LCP by mixing with 90 % monoolein/10 % 

cholesterol at a 40:60 (w:w) protein:lipid ratio. LCP crystallization were set up using 

the IMISX in-situ crystallisation plate with 64 m spacer sandwich and 15 m cyclic 

olefin polymer (COP) cover film (provided by Dr Chia-Ying Huang). 40 nl of LCP 

bolus were dispensed using the Mosquito LCP robot (TTP Labtech) and overlaid 

with 800 nl of precipitant solution” (Apel et al. 2019, page e4). Crystals appeared in 

a few days and were harvested by cutting out the whole drop as described (Huang 

et al. 2015) and plunge-frozen in liquid nitrogen.  

2.15.3 Data collection of CCR2-RubD and ∆N28-CCR2  

This work was done by Alexander Pautsch and Dirk Reinert (Boehringer Ingelheim 

Pharma), as previously described (Apel et al. 2019). “Crystallography datasets were 

collected from crystals harvested from glass sandwich plates at the beamline PXI or 

PXII at the Swiss Light Source (Paul Scherer Institute, Villingen, Switzerland). 

Crystals were located in the LCP bolus by raster scanning using a 20 µm x 20 µm 

beam (100 % transmission, 0.02s and 0° oscillation). Locating a well-diffracting 

crystal spot, the angle of the whole LCP drop was then offset to 90°C, followed by 

another round of rastering. A complete dataset could be collected from one 

diffracting crystal. Data were collected at 20 % transmission for 0.1 sec and 0.2° 

oscillation per image” (Apel et al. 2019, page e4).  

2.15.4 Data collection of CCR2-∆N28+∆C53-K8.49 

This work was done by Robert Cheng, LeadXpro as described previously by Apel 

et al. (2019). “Serial crystallography datasets were collected from crystals harvested 

from the IMISX plate using the CY+ interface (Wojdyla et al., to be published) at 
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beamline PXII at the Swiss Light Source (SLS). Crystals were located in the LCP 

bolus by raster scanning (Wojdyla et al. 2016) using a 30m beam. 10 mini-

datasets were collected from each diffracting crystals using a 30m beam at 100% 

transmission for 0.1s and 0.2 oscillation per image. The omega angle of the whole 

LCP drop was then offset by 15, followed by another round of raster scanning to 

locate crystals that retain strong diffraction. Another 10 mini-dataset from each 

diffracting crystal were then collected. This process was repeated until no more 

useful diffraction data could be collected” (Apel et al. 2019, page e4). 

2.15.5 Data processing  

“Offline data processing and analysis using the XDS (Kabsch 2010) package were 

running concurrently with data collection to provide near real-time analysis of data 

collection quality including completeness, multiplicity, resolution and merging 

statistics” (Apel et al. 2019, page e4).  

2.15.6 Structure solution and refinement 

This work was done by Robert Cheng, LeadXpro as described previously by Apel 

et al. (2019). Structures of CCR2 “were solved by molecular replacement using 

CCR2 (5T1A) and rubredoxin (4MBS) as search models in PHASER (McCoy et al. 

2007)“ (Apel et al. 2019, page e4). For the full length CCR2 dataset, “output model 

from PHASER was used for a single round of rigid body refinement in PHENIX 

(Adams et al. 2010). This was then followed by iterative rounds of model rebuilding 

in COOT (Emsley et al., 2010) using Sigma-A weighted 2m|Fo|-D|Fc|, m|Fo|-D|Fc| 

and iterative-built OMIT map (Terwilliger et al. 2008) generated using the PHENIX 

AUTOBUILD (Terwilliger et al. 2008) wizard, and reciprocal space refinement in 

PHENIX in each round of 10 macrocycles using individual positional and isotropic 

temperature factor with automatic weights optimization in combination with 

secondary structure, reference model restraints (using 5T1A as reference model) 

and TLS refinement “ (Apel et al. 2019, page e4). Refinement of the truncated CCR2 

“dataset was carried out as described above except non-crystallographic symmetry 

(NCS) torsion was used instead of reference model restraint. Model geometry and 

stereochemistry were checked using MolProbity (Chen et al. 2010). Data collection 

and refinement statistic are presented in” (Apel et al. 2019, page e4) the 

supplementary Table S1. 
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3. Results 
 

3.1 CCR2 

 

Although many different expression and purification approaches for GPCRs are 

described in the literature, there is no universal applicable method obtaining 

milligram quantities of highly pure protein suitable for structural and biophysical 

studies. A crucial step towards the elucidation of a high-resolution protein structure 

is the careful construct design of the target protein. To design a CCR2 crystallization 

construct, suitable for high-resolution crystal structure determination, a number of 

literature known stabilizing strategies were tried as described in the introduction. 

Finally leading to the 2.7 Å of a modified CCR2A receptor construct in complex with 

an orthosteric antagonist EX932. An overview of all CCR2A and CCR2B constructs 

used in this work is given in Table 8. Receptor stability was quantified by size 

exclusion chromatography and differential scanning fluorimetry. 

 

3.1.1 Transient expression in insect cells for crystallization 

 

The baculovirus insect cell expression 

system is commonly used for the 

expression of GPCRs for crystallization 

purpose. In this work 18 different CCR2 

plasmids cloned in the pFastBac vector 

were screened for expression of the target 

protein in Hi5 cells. Expression levels of the 

different CCR2 constructs were visualized 

by Western Blot. All blots revealed in a 

band apparent at approximately 80% of the 

expected molecular weight. Since boiling of 

membrane proteins causes further 

aggregation of the protein, samples were 

applied to SDS-PAGE without heating. 

SDS alone cannot denature the membrane 

 

Figure 11: Western Blot of CCR2-RubD 

(1) and CCR2-∆N28+∆C53 (2) showing 

the maximal expression. Expression is 

detected using an anti-penta His, 

monoclonal antibody.  
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protein samples completely, resulting in more compact protein conformations with 

faster migration. The expression level as judged by Western Blot analysis was 

comparably high and successful for all 18 CCR2 expressing constructs, exemplarily 

shown for two constructs in Figure 11. The protein was finally quantified by the 

overall yield of the monomeric protein after purification via IMAC and SEC. Best 

protein yields were obtained with CCR2-V64I, CCR2-∆C53,  CCR2-∆N28+∆C53 

and CCR2B (Table 18). CCR2B was included as a positive control, described as 

the receptor variant primary expressed at the cell surface. 

 

Table 18: Protein yield from different CCR2 constructs after purification via IMAC and SEC 

without addition of small molecular antagonist, expressed in Hi5 cells (highest protein yields 

are marked in yellow) 

Construct Protein yield  
(mg/L expression) 

Construct Protein yield  
(mg/L expression) 

CCR2-WT 0.601 ∆N28-CCR2 0.51 

CCR2-Rub 0.74 CCR2-Mut (-) 0.141 

CCR2-RubD 0.56 CCR2-mT4L 0.60 

CCR2-K8.49 1.17 CCR2-WT (ICL3) 0.91 

CCR2-V64I 1.42 CCR2-∆N28+∆C34 0.48 

CCR2-N14Q, V64I 1.48 CCR2-∆N28+∆C53 1.45 

CCR2-∆C13 0.19 CCR2-∆N28+∆C53-K8.49 0.97 

CCR2-∆C34 0.70 rCCR2-∆N15 0.33 

CCR2-∆C53 1.40 CCR2B 1.50 
1 high impurity level 

 

Struggling with the adaption of the Hi5 cell line to a new batch of cell culture medium 

led to the need to try different media and supplements. In this content a great batch-

to-batch variation in dependence of different medium batches was observed during 

the expression of different CCR2 constructs (data not shown). The cultivation of Hi5 

cells in Sf-900 III medium led to a reduced expression level of CCR2, and resulted 

in a loss of crystallization ability of the purified protein. This suggests different lipid 

content or variants in posttranslational modifications as well as identifying the 

expression conditions as important factor for protein crystallization. 
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3.1.2  Glycosylation of CCR2 in HEK cells and Hi5 cells 

 

Difficulties in the crystallization of 

glycoproteins are directly connected to the 

heterogeneity caused by their carbohydrate 

moieties, impeding the formation of crystal 

lattice contacts. In this work in order to 

determine the glycosylation state of both 

CCR2 receptors, the insect cell expressed 

protein was treated with PNGase F and 

analyzed by Western Blot (Figure 12). The 

sample migration is highly heterogeneous 

showing a monomeric, dimeric and 

potentially trimeric protein. The trimeric 

CCR2 band at about 97 kDa shows a loss in 

molecular weight after treatment with 

PNGase F for both receptors, confirming that 

the insect cell expressed receptors are 

glycoproteins. In order to optimize the 

protein starting material for protein 

crystallization trials two different strategies to remove the potential source of protein 

heterogeneity due to glycosylation were tested. Firstly the addition of tunicamycin, 

which blocks the formation of protein N-glycosidic linkages by inhibiting the transfer 

of N-actylglucosamine 1-phosphat to dolichol monophosphate and secondly, 

mutation of the glycosylation site to glutamine. The presence of tunicamycin during 

the expression in insect cells resulted in a significant loss of cell growth. The addition 

of 0.2 µg/ml of the fungal antibiotic already decreased the cell number by about 65 

%, lowering the overall protein yield (data not shown). By mutating Asp14 to Glu the 

expression level was not reduced. All full-length constructs for crystallization were 

deglycosylated. 

  

 

Figure 12: Western Blot of CCR2A 

(CCR2-Rub) and CCR2B expressed in 

Hi5 cells and treated with N-

glycosidase F. Immunodetection was 

with anti-hCCR2 (polyclonal antibody)     + 

PNGase F, - Control 
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3.1.3  Design of CCR2 crystallization constructs 

 

Stabilizing the monomeric receptor during purification. Extracting membrane 

proteins from their native environment is the first critical step in purification. 

Detergent micelles, mimicking this environment, need to solubilize the target protein 

in high amounts and keep it stable during purification. As described in the 

introduction, one commonly used detergent is DDM in combination with CHS for the 

purification of crystallizable GPCRs. In this work initial solubilization and purification 

experiments of CCR2 were successfully performed using this detergent:lipid 

combination. The target protein was purified in a two-step purification procedure 

using cobalt affinity chromatography followed by size exclusion gel filtration to 

further separate monomeric, dimeric and higher CCR2 oligomers (Figure 9). Initial 

purification trials with wild-type CCR2 solely equipped with a HA signaling sequence 

and N-/C-terminal tags for purification (FLAG-/ His-tag) gave only low protein 

amounts, highly impure (Apel et al. 2019). The protein seems to undergo 

proteolysis, as indicated by an apparent double band by Western Blot analysis 

(Figure 13A) at ~ 30 kDa. 

 

To improve protein stability by reducing the flexibility of the ICL3 different protein 

fusions described in the literature were tested (chapter 1.4). At first the insertion of 

a rubredoxin fusion in the ICL3 was tried, reducing the aggregation level, but the 

protein stability of the monomeric protein and protein purity as well as yield remained 

insufficiently low (Apel et al. 2019). The construct again shows degradation bands 

on Western Blot (Figure 13B).  

 

Not till including different stabilizing point mutations, the monomeric protein was 

stable during purification (Figure 13C) (Apel et al. 2019). To prevent glycosylation, 

increase protein homogeneity and therefore promote crystallization full-length 

CCR2 constructs were mutated by N14Q. In addition potential stabilizing point 

mutations adapted from CCR5 as a homologue model were included. C70Y1.60 in 

the TM1 to lower the potential reactivity and flexibility, as well as G175A4.60 (TM4), 

A241D6.33 (ICL3) and K311E8.49 (helix 8) to stabilize the inactive receptor 

conformation. This resulted in a highly pure monomeric protein sample, clearly 

identified by peptide fingerprinting (Supplementary Figure S4). 
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During the construct optimization process towards best diffraction CCR2 crystals, 

the wildtype ICL3 and the mT4L flanked by a GS-linker in the ICL3 were tested in a 

mutated receptor construct. The stability of the monomeric receptor is comparable 

in all three construct variants, but CCR2-WT (ICL3) yields about one-third more 

monomeric protein than CCR2-RubD and CCR2-mT4L (Figure 14A,B and Table 

 

Figure 13: Protein profile after size exclusion chromatography of the CCR2-WT (A), 

CCR2-Mut (-) (B) and CCR2-RubD (C). 5 µg of the final concentrated monomeric protein were 

analyzed via Coomassie gel (CG) and Western Blot (WB) (polyclonal, anti-CCR2 antibody). In 

combination with the SEC protein profile sample purity and protein species heterogeneity is 

identified. Purifications were repeated at least twice, shown are representative experiments. 

According to Apel et al. 2019. 
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18) in the ligand-free state. That means in comparison to the rubredoxin fusion, the 

wildtype ICL3 (CCR2-WT (ICL3)) and the mT4L (CCR2-mT4L) did not significantly 

change the protein behavior in a mutated receptor variant.  

 

 

However first protein crystals were obtained with the full-length receptor CCR2-

RubD stored at 4°C for 24 h-96 h (chapter 3.1.7). By monitoring the storage stability 

of the purified protein at 4°C, degradation bands on Coomassie Gel (Figure 13C) 

indicated proteolysis of the target protein (Apel et al. 2019). To find out whether 

CCR2 is digested at the N-terminus, C-terminus or vice versa, the protein was 

further analyzed by N-terminal sequencing and mass spectroscopy. N-terminal 

sequencing (TopLab, Martinsried) resulted in the sequence G-A-P-C-, which 

identifies a truncation site at the N-terminus by 28 amino acids into the full-length 

sequence of CCR2 (data not shown) (Apel et al. 2019). Purified CCR2 in DDM/CHS 

directly subjected to mass spectroscopy resulted in a molecular weight of two 

different protein species with 40069.5 Da and 42096.5 Da in a highly heterogeneous 

 

Figure 14: Protein profile after size exclusion chromatography of different fusions in the 

ICL3 and N- and C-terminal truncations in the ligand-free state. The normalized data directly 

compare the protein homogeneity in respect to aggregation (A,C), while the raw data directly 

display the protein yield (B,D). Purifications were repeated at least twice, shown are representative 

experiments. 
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protein spectrum (Figure 15A). To improve the protein spectrum and enable a 

sufficient deconvolution, CCR2-N14Q was eluted from Coomassie gel in PBS + 1M 

guanidiniumchlorid by applying a current of 100V. The resulting MS spectrum 

showed an even lower molecular weight of 39847 Da (Figure 15B). 

  

 

Considering the N-terminal truncation by 28 amino acids the theoretical molecular 

weight is still 47749.81 Da, resulting in a difference of the measured MW to at least 

5653.31 Da. This finding indicates that in addition to the N-terminal truncation a C-

terminal truncation of about 56/57 amino acids (Ala318/Leu319) takes place. The 

mass of 39847 Da would indicate a nearly complete loss of the N- and C-terminal 

residues. However, one need to consider that during the electroeluation process, 

further degradation might have taken place. Both the analysis of the proteolytic 

stability and the crystallization behavior of the protein suggest that the long and 

flexible N- as well as C-termini undergo proteolysis which facilities crystallization. 

Last amino acid visible in the first “full-length” protein structure is glycine at position 

321 (chapter 3.1.7). 

 

Based on the above observations the crystallization construct was further optimized 

by N-terminal truncation to Gly29 and C-terminal truncation to Gly321 or Gly340, 

respectively (Apel et al. 2019). The longer C-terminal construct was included to keep 

as many residues as possible to maintain the properties of the CCR2A receptor 

Figure 15: Comparison of protein MS spectra from CCR2-RubD in DDM/CHS, 

normalized intensity (A) and electroeluated from a Coomassie gel in PBS pH 7.5 + 1M 

guanidiniumchlorid (B). 

 



                                                                                 Results 
 

61  

variant. Compared to the full-length construct the truncated constructs can be 

purified comparably well and the final protein samples are equally homogeneous 

(Figure 14C). However full-length constructs resulted in the best yield (Figure 14D, 

Table 18). This corresponds to the purified protein in the absence of stabilizing 

ligand.  

 

To rigidify and further stabilize the receptor structure, CCR2 was finally purified in 

the presence of an orthosteric antagonist. We observed stabilization of the receptor 

during the final concentration steps, preventing precipitation at high receptor 

concentrations (data not shown) and enabling crystallization. Best reproducibility in 

 

Figure 16: CCR2 crystallization construct CCR2-∆N28+∆C53 in schematic representation. 

The first 28 amino acids are truncated, as well as the last 53. At the N-terminus the construct is 

provided with an HA-Signaling sequence (dark green) for proper trafficking of the target protein to 

the plasma membrane. At the C-terminal end a PreScission cleavage site (light green) to restore 

the native sequence, as well as a FLAG-tag (yellow) and a 10xHis-tag (blue) for purification is 

engineered. The rubredoxin fusion is inserted in the ICL3 and the disulfide bonds between Cys32–

Cys277 and Cys113–Cys190 are denoted by dashed orange lines. Thermostabilizing mutations 

(pink) are Cys70Tyr, Gly175Asn and Ala241Asp. 
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crystallization was observed with CCR2-∆N28+∆C53 (see chapter 3.1.7) in the 

presence of the orthosteric antagonist and an additional allosteric antagonist (Apel 

et al. 2019). 

The construct design described in the following paragraph was previously published 

by Apel et al., 2019. The final construct that lead to well diffracting crystals, as 

illustrated in Figure 16, has a rubredoxin fusion in the ICL3, starts at residue 29 at 

the N-terminus and ends with residue 321 at the C-terminus. The CCR2A construct 

contains the three point mutations: C70Y, G175N and A241D. The E311K point 

mutation mentioned earlier, located in the allosteric binding pocket, was removed to 

facilitate crystallization with allosteric antagonist (chapter 3.1.7). Back mutating the 

glutamic acid to lysine did not impact the purification. 

 

CPM ramping assay to quantify the thermostability. The results in this paragraph 

were previously described by Apel et al., 2019. A method for the determination of 

protein stability is to identify its thermostability. In this study a CPM ramping assay 

was used to quantify the stabilizing effect of different fusions, point mutations, 

truncations and small molecular antagonists on CCR2 to support construct 

optimization and finally enable crystallization. With CCR2-WT a reliable melting 

temperature (Tm) could not be determined, due to low protein yield and purity 

(Figure 13A)). Stabilizing the receptor with a rubredoxin fusion in the ICL3 a Tm of 

43.7 °C was determined, which could be increased by 7.7 °C inserting the mutations 

C70Y, G175N, A241D and K311E. The protein was further stabilized by 

approximately 4°C trough either N14Q (glycosylation site) or V64I (improved 

expression for CCR2A) (Figure 17A). This correlates with the improved protein 

homogeneity shown via SEC (Figure 13). How the single mutations C70Y, G175N 

and A241D individually contribute to the thermal stability was not examined, but 

K311E alone increases the melting temperature by 3.6 °C (Figure 17A). Since the 

full-length constructs undergo proteolysis prior crystallization, different N- and C-

terminal truncations were tested. The N-terminal truncation by 28 amino acids 

stabilizes CCR2 comparably to N14Q and V64I to finally 55.5 °C. Successive 

truncation of the C-terminus raised best results truncating at least 34 residues more. 

Combining both N- and C-terminal truncation no synergistic effect is observed 

(Figure 17B).  
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During construct optimization different fusions, the CCR2B receptor variant and the 

rat receptor were tested. CCR2-RubD fusion protein has a higher melting 

temperature compared to CCR2-WT and CCR2-mT4L, which indicates better 

protein thermostability. Noticeable the mT4L fusion in the ICL3 destabilizes the 

receptor significantly in comparison to the WT ICL3 (Figure 17C). 
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There is no difference in thermal stability between the CCR2A and CCR2B receptor 

 

Figure 17: DSF assay showing the stabilizing effect of different mutations (A), different 

N-and C-terminal truncations (B), different fusions in the ICL3 in comparison to the 

wildtype ICL3 (CCR2-WT (ICL3)) (C), as well as differences between CCR2 and CCRB (D) 

and the human and rat receptor (E). The fusion constructs contain the mutations N14Q, 

C70Y, G175N, A241D and K311E. The truncation constructs are not deglycosylated in terms 

of the N-terminal full-length constructs, but contain the other four point mutations. CCR2B 

contains the rubredoxin fusion in the ICL3 and the four mentioned point mutations. The rat 

receptor contains the rubredoxin fusion, is N-terminal truncated and harbors the homolog 

mutations: C83Y, G188N, A254D, K324E. At least two independent experiments (n=2) were 

performed and means from representative duplicates are plotted , the Tm is calculated by 

boltzman fit analysis and results are given ± SD. Modified from Apel et al. 2019 
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variant (Figure 17 D), as well as between the human and rat receptor (Figure 17E), 

analyzed with an already optimized rubredoxin construct. 

 

So far all available crystal structures of chemokine receptors are captured in their 

ligand bond state. This is a common procedure among the structure evaluation of 

GPCRs to rigidify the receptor structure and support crystallization. Different 

literature known and in-house antagonistic orthosteric and allosteric ligands from 

different structural classes were tested as exemplarily shown for CCR2-RubD in 

Figure 18 (Apel et al. 2019). The N- and C-terminal truncation does not significantly 

 

Figure 18: (A) CPM ramping assay of CCR2-RubD showing the stabilizing effect of different 

small molecular antagonists (B) in correlation with the Ki values (with wildtype CCR2). The 

Tm of the CCR2-RubD complemented with either ligand is higher than the apo receptor (except of 

EX1224), with the highest stabilizing effect with EX932 (A). The exact Tm and Tm-shift induced by 

each individual compound is shown in the table (*allosteric ligands). (B) Allosteric ligands in the 

correlation blot are shown in red and the correlation distribution of compounds from the 

carboxamide and benzamide class is circled. At least two independent experiments were plotted 

(n=2) and mean values from representative dublicates are plotted , the Tm is calculated by 

boltzman fit analysis and results are given ± SD. Modified from Apel et al. 2019 
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influence the binding of the orthosteric and allosteric ligand (Figure 19B). The 

thermal stability could be increased to various extents in the ligand bound state 

(Apel et al. 2019). While BI849 and BI862 show only minor effects, EX1224 is the 

only exception that destabilizes the receptor (Figure 18). The shift in melting 

temperature demonstrates that these ligands bind to CCR2 and directly influence 

the behavior of the receptor and improve thermostability (exception: EX1224). The 

highest thermal shift by 12.5°C was observed with the orthosteric antagonist EX932, 

resulting in a final Tm of 68.1°C (Apel et al. 2019). The best stabilizing antagonists 

(Cutoff: ∆Tm >5°C) were chosen for crystallization including EX933 and EX326. The 

antagonist EX932 and EX933 belong to the carboxamide class and are 

diastereoisomere due to the chirality of the methoxy-tetrahydropyranyl moiety and 

EX326 is a benzamide (Table 8). Finally the orthosteric ligand EX932 proved to be 

best in crystallization (chapter 3.1.7) (Apel et al. 2019). Comparing the compound 

induced Tm shift with literature known and in-house evaluated Ki values, a 

correlation tendency is observed within the benzamide and carboxamide classes 

(exception is EX1230, which belongs to the carboxamides) (Apel et al. 2019). The 

in-house compounds belong all to the APA class and show no correlation.  

 

In order to get well-diffraction crystals, in this work two different allosteric ligands 

EX809 and EX1928 were additionally tested to the orthosteric antagonist EX932. 

Both enhance receptor stability when tested individually and in a synergistic manner 

with EX932 to a comparable extend (Figure 19) (Apel et al. 2019).  

 

 

 



                                                                                 Results 
 

67  

 

3.1.4  Biophysical characterization: quality control of purified CCR2 

 

Static light scattering. Static light scattering experiments were performed to test the 

storage stability of the purified and concentrated CCR2-∆N28+∆C53-K8.49 at 4°C. 

The concentrated protein was analyzed via MALS-SEC. The highly pure protein as 

shown via Coomassie gel revealed a sharp monomeric peak (Figure 20 A,B). The 

theoretical molecular weight of the monomeric CCR2 is 39.6 kDa. Monitoring the 

light scattering and refractive index signal, the calculated MW using the Zimm 

equation was 38.1 kDa. This means CCR2 is a monomer, when purified in 

DDM/CHS. The protein is stable upon storage at 4°C and the MW of the empty 

micelle is 98 kDa for DDM/CHS (Figure 20 C,D). 

 

 

Figure 19: CPM assay of the final crystallization construct CCR2- ∆N28+∆C53 with the WT 

allosteric binding pocket (A) or the K8.49E mutation in helix 8 (C). (A) Thermal denaturation 

curves demonstrating the stabilizing effect of the orthosteric and allosteric antagonist individually 

and showing a synergistic effect on the thermal stability in the presence of both ligands. (B) The 

lysine in the allosteric binding pocket seems to play an important role in the binding of the 

allosteric ligand as indicated by the lower induced thermal shift, when mutated to glutamic acid. 

At least two independent experiments (n=2) were performed and mean values from 

representative duplicates are plotted, the Tm is calculated by boltzman fit analysis and results 

are given ± SD. According to Apel et al. 2019 
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Circular dichroism spectroscopy. CCR2 comprises a seven α- helical topology as 

common among GPCRs. Circular dichroism (CD) was used to analyze the 

secondary structure of purified CCR2. The CD-Spectrum is expected to show the 

common characteristics of an α-helical structure, i.e. two minima at 208 nm and 222 

nm, respectively. Figure 21 displays exemplary the far-UV CD spectrum of CCR2-

Rub purified in DDM/CHS, showing the ascertained minima. As expected the shape 

of the CD spectra suggests a high content of a typical α-helical secondary structure 

of CCR2.  

 

 

 

Figure 20: Characterization of the storage stability of CCR2-∆N28+∆C53-K8.49 by SLS. (A) 

Protein profile at 280 nm after SEC directly after purification (black) and after storage for 48h at 

4°c (red). (B) Coomassie gel of the final concentrated sample. (C) Lightscattering signal of the 

protein and the DDM/CHS micelle. (D) Calculated masses from light scattering. Measurements 

were repeated at least twice, shown is one representative experiment. 
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nanoDSF. In section 3.1.3 the stabilizing effect of different classes of antagonists 

to CCR2-RubD was shown using the CPM assay (Figure 18). Another possibility to 

determine the Tm of CCR2 is nanoDSF. In this method the intrinsic fluorescence of 

the protein is measured allowing for a more native environment. This method was 

used for displaying the stabilizing effect of the native chemokine ligand CCL2. The 

Tm of apo CCR2-RubD with 56.3°C is comparable to the Tm detected using the 

CPM assay format (Figure 18).  

 

Figure 21: Circular dichroism spectrum of purified CCR2-Rub. CD experiments were 

performed with a 0.05 mm path length cell at 25°C, and the CD spectrum was recorded over the 

wavelength range of 195 to 260 nm with 1 nm resolution and an averaging time of 2 seconds.  

 

Figure 22: nanoDSF of CCR2-RubD showing the stabilizing effect of the native ligand CCL2 

upon binding. Changes in the F350/F330 fluorescence ratio (normalized) and the Tm by boltzman 

fit analysis are shown. At least two independent experiments (n=2) were performed and means 

from representative duplicates are plotted , the Tm is calculated by boltzman fit analysis and results 

are given ± SD. n/a – not applicable 

 



                                                                                 Results 
 

70  

CCL2 alone has a Tm of 74.3°C, which is ~6 °C higher as the assumed receptor-

chemokine complex with a Tm of 68.4 °C (Figure 22).  

This demonstrates that CCL2 binds to CCR2 and improves the thermostability. The 

simultaneous analysis of CCR2 and CCL2 using the backreflection read out of the 

system to detect the degree of aggregation, showed no unfolding induced 

aggregation for CCR2-RubD. CCL2 alone and the CCR2-CCL2 protein complex 

show a Tagg at approximately 69 °C, comparable in the degree of aggregation at 

95°C (Figure 23). 

 

Microscale thermophoresis. To prove ligand binding ability of purified CCR2, MST 

experiments were performed. For showing the binding of the endogenous ligand, 

CCR2 was titrated to red NHS-labeled CCL2. The endogenous ligand binds to full-

length CCR2 (CCR2-RubD) with a KD of 2.7 nM (Figure 24A). N- and C-terminal 

truncated CCR2 (CCR2-∆N28+∆C53-K8.49E) shows no binding to CCL2 and can be 

considered as a negative control (Figure 24B). 

 

 

 

 

 

 

Figure 23: Analysis of CCR2-RubD and CCL2 stability by nanoDSF with backreflection 

aggregation detection corresponding to the samples shown in Figure 22. Aggregation was 

monitored in parallel to the intrinsic fluorescence. At least two independent experiments (n=2) 

were performed and mean values from representative duplicates are plotted, the Tm is calculated 

by boltzman fit analysis and results are given ± SD. n/a – not applicable 
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In label-free experiments with CCR2-RubD different small molecular antagonists 

characterized in cellular assays and identified to stabilize the purified receptor by 

DSF were tested. From DSF experiments the most stabilizing ligand EX932 was 

chosen (lowest was not possibly due a high intrinsic fluorescence). From available 

in-house Ki values EX932 has shown the best potency, while EX324 showed the 

lowest. As the only allosteric ligand EX1928 was tested. Comparing the DSF data, 

the MST data and Ki values determined by cellular assays, no correlation can be 

determined (Table 19). EX1224, which destabilizes the receptor and the allosteric 

ligand EX809 cannot be tested, because of a high intrinsic fluorescence.  

 

Table 19: Comparison of cellular determined Ki values (in-house data, cellular assay), ∆Tm 

and KD values determined by MST 

Ligand Ki cellular (M) ∆Tm (°C) KD MST (M) 

EX932 5.0 x 10-10 12.5 1.49 x 10-7 

EX324 2.06 x 10-8 4.8 1.42 x 10-5 

EX1928 1.72 x 10-7 4.3 1.36 x 10-7 

 

 

Figure 24: MST experiments showing the binding of CCR2 to its native ligand CCL2. The 

concentration of the red NHS-labeled CCL2 was kept constant and CCR2-RubD (A) or CCR2-

∆N28+∆C53-K8.49E (B) were titrated. Mean values ± SD (indicated by error bars) from two 

independent experiments were plotted (n=2) (A) and one representative experiment (B).  
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The orthosteric ligand EX932 binds with a KD of 149 nM to CCR2, while the KD for 

the allosteric ligand EX1928 is 136 nM (Figure 25A, B). In DSF experiments a 

synergistic effect (Figure 19) adding both ligands to the receptor was detected, 

therefore EX932 was titrated to a CCR2-EX1928 complex enhancing the potency to 

a KD of 87.3 nM (Figure 25C). For the antagonist EX324 an approximate KD of 14.2 

µM was detected (Figure 25D). Both ligands could not be titrated at higher 

concentrations, causing aggregation of CCR2. As a negative control the compounds 

were tested with comparable purified GPR142. EX932 is exemplarily shown and 

shows no binding (Figure 25E).  

The crystallization compounds EX932 and EX1928 were also tested to the N- and 

C-terminal truncated crystallization construct CCR2-∆N28+∆C53. Experiments 

were performed with and without the K8.49E mutation in the allosteric binding site. In 

comparison to the full-length construct, which contains the K8.49 E mutation in the 

allosteric site the potency seems to increase with N- and C-terminal truncation, to a 

KD 92 nM and 74 nM for EX932 and EX1928, respectively (Figure 26C,D). The 

 

Figure 25: Label-free MST experiments showing the binding of different class small 

molecular antagonists to CCR2-RubD (A-E) in comparison to one exemplarily shown 

control experiment with GPR142. The orthosteric ligands EX932 and EX324, as well as the 

allosteric ligand EX1928 bind CCR2. The potency of EX932 to CCR2 is enhanced when titrated 

to a CCR2-EX1928 complex. Mean values ± SD (indicated by error bars) from two independent 

experiments were plotted (n=2).  
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potency is further enhanced with the native allosteric binding site, indicating an 

influence of the K8.49 to the orthosteric and allosteric binding (Figure 26A, B). 

Unfortunately here the assay wall is reached. To have a sufficient fluorescent level 

250 nM CCR2 have to be used, with higher potent ligands, even higher than 25 nM, 

no absolute KD values can be determined. But the influence of K8.49 on the 

orthosteric and allosteric binding could also be shown in SPA experiments with 

CCR2 expressed in HEK293 cells (Figure 31). 

 

 

 

 

Figure 26: Label-free MST experiments showing the binding of the orthosteric ligand 

EX932 and the allosteric ligand EX1928 to CCR2-∆N28+∆C53 without (A,B) and with (C,D) the 

K8.49 E mutation in the allosteric binding site. The none-mutated site is shown in one experiment 

(in the assay wall) and for the mutated site mean values ± SD (as indicated by error bars) of two 

independent experiments were plotted (n=2).  
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3.1.5  Radioactive ligand binding assay of CCR2  

 

As denoted in the introduction different studies have shown that CCR2, when 

activated by its endogenous ligand CCL2, induces chemotaxis, Ca2+ influx and 

inhibition of the adenylyl cyclase (Figure 5). To detect ligand binding activity of 

different CCR2 constructs with its endogenous ligand and characterize the binding 

ability of the orthosteric and allosteric small molecular antagonists a scintillation 

proximity assay (SPA) was performed with I125 CCL2.  

 

Assay optimization. During assay optimization with CHO cells stably expressing 

CCR2B, it turned out that cell disruption under high pressure conditions resulted in 

the loss of binding, so cells were disrupted gently by using a Wheaton homogenizer 

(Figure 27). Additionally two different literature known buffer systems were tested 

based on either HEPES or Tris-HCl. The IC50 of CCL2 to its receptor CCR2B and 

 

Figure 27: SPA with the endogenous ligand CCL2 on CHO membranes stably expressing 

CCR2B testing two different disruption methods (A, B) and buffer systems (C) in 

comparison to empty CHO Cells. I125 CCL2 was used to compete with cold CCL2 to 

determine IC50 values. (A) Cell lysis under high-pressure conditions results in the loss of 

binding (A, B) and in comparison a better response level is reached in HEPES pH 7.2 (C). 

Means ± SD (as indicated by error bars) from technical replicate measurements were plotted. 



                                                                                 Results 
 

75  

the overall response level increased using an HEPES based buffer. The final buffer 

contained 25 mM HEPES pH 7.2, 0.2 % BSA, 9 mM MgCl2 and 0.5 mM CaCl2 

(Figure 27C). 

 

For initial binding experiments with CCR2-Rub to show the effect of the mutations 

and the rubredoxin fusion on CCL2 binding, Hi5 cell expressed protein as for the 

purification of CCR2 for crystallization was used. Although a successful expression 

in Hi5 insect cells could be detected via Western Blot analysis no binding to the 

native ligand CCL2 could be detected (Figure 28B). The reason might be difficulties 

with incomplete post-translation modifications in insect cells. So we tested 

transiently transfected HEK293 membranes. The determined IC50 value is 1.5 nM 

for the CCL2 binding to CCR2-Rub expressed in HEK293 cells (Figure 28C).  

 

 

Influence of the tyrosine sulfation on CCL2 binding. As previously shown for other 

chemokine receptors, the potency of CCL2 to its primary receptor CCR2 is 

enhanced by the sulfation of the Tyr26 and Tyr 28 residues (chapter 1.2). To prove 

whether the tyrosine sulfation state plays a role in this assay set-up, 20 mM of 

sodium chlorate was applied to mammalian cell culture inhibiting tyrosine sulfation 

by competing with sulfate as substrate for ATP-sulfurylase. The potency, as shown 

in the corresponding IC50 values is significantly decreased from an IC50 of 1.546 nM 

to >2.739 nM (incomplete titration curve), when expressing the CCR2 receptor in 

the presence of sodium chlorate (Figure 29). This confirms the role of the tyrosine 

sulfation in CCL2 binding. Weather the tyrosine sulfation is partially or completely 

inhibited wasn’t further quantified. 

 

Figure 28: SPA with I125 CCL2 on CCR2-Rub expressed in Hi5 cells (B) and HEK293 cells 

(C) in comparison to empty Hi5/HEK cells (A). A binding signal is only detected with CCR2 

expressed in HEK293 cells. Mean values ± SD (as indicated by error bars) from technical replicate 

measurements were plotted. 

 



                                                                                 Results 
 

76  

 

Influence of different receptor modifications on CCL2 binding. Wild-type CCR2 

variants and modified crystallization constructs from HEK293 membranes, revealed 

IC50 values between 0.8 nM (CCR2B-WT) and 1.94 nM (CCR2-RubD) in competition 

experiments using radioactive I125 CCL2 (Figure 30). CHO cells stably expressing 

CCR2B were used as a positive control with literature known experiments. The 

rubredoxin fusion and the four pointmutations C70Y, G175N and A241D and K311E 

have little effect on CCL2 binding in comparison to wild-type CCR2B stably 

expressed in CHO cells (Figure 30B) (Apel et al. 2019). C-terminal truncation up to 

53 amino acids is possible without a significant effect (Apel et al. 2019). The N-

terminal truncation by 28 amino acids disables CCL2 binding (Figure 30D-E) (Apel 

et al. 2019). Full-length constructs for crystallization trials were deglycosylated by 

exchanging N14Q, which shows minor effect on binding (Figure 30C), as well as 

the point mutation K8.49E located in the allosteric binding pocket (Figure 30F). 

 

 

 

 

 

 

Figure 29: SPA with I125 CCL2 on CCR2-Rub expressed in HEK293 cells in the absence (B) 

and presence (C) of 20 mM sodium chlorate, in comparison to the pcDNA5/FRT vector 

control (A). Mean values ± SD (as indicated by error bars) from technical replicate measurements 

were plotted. 
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Influence of K8.49 on the orthosteric and allosteric binding. Competing unlabeled 

EX932 or the allosteric antagonists EX809 and EX1928 with radioactive I125 CCL2, 

revealed an IC50 value for the orthosteric ligand of 1.82 nM, and for the allosteric 

ligands of about 800 nM on wild-type CCR2B stably expressed in CHO. Since first 

crystal structure data indicated a great role of K8.49 in allosteric binding (chapter 

3.1.7) here this residues was tested with CCR2-K8.49, respective CCR2-RubD. The 

rubredoxin fusion and the three mentioned point mutations (C70Y, G175N and 

 

Figure 30: Chemokine binding assay with the endogenous ligand CCL2 showing the 

influence of different receptor modifications on binding. HEK293 membranes expressing 

different CCR2 receptor constructs, complexed with cold CCL2, were supplemented with I125 

CCL2 in a SPA assay. As a positive control wildtype CCR2B stably expressed in CHO cells 

was used (A) and in (G) the vector control is shown. All constructs contain the pointmutations 

C70Y, G175N, A241D and K311E in combination with the rubredoxin, as not otherwise 

denoted. The influence of mutating the glycosylation site (N14Q) on binding is shown in (C) and 

the effect of the K8.49 (WT amino acid) in (F). At least two independent experiments were 

performed mean values ± SD (as indicated by error bars) from one representative experiment 

were plotted, pipetted in triplicates. Modified from Apel et al. 2019 
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A241D), show no effect on ligand binding of the orthosteric antagonist EX932 

(Figure 31B) (Apel et al. 2019).  

The allosteric antagonist EX809 is not significantly effected as well (Figure 31E), 

but the allosteric antagonist EX1928 is slightly effected (Figure 31H). Mutating the 

lys311 to glutamic acid lowers the IC50 value for the orthosteric, as well as the 

allosteric ligand by a factor of three to six (Figure 31). Although K8.49 is located in 

 

Figure 31: Chemokine competition assay showing the binding of the orthosteric antagonist 

EX932 and the allosteric ligands EX809 and EX1928 affected by mutating K8.49E in the 

allosteric binding pocket. The orthosteric antagonist EX932 and the allosteric antagonists 

EX809 and EX1928 were titrated to HEK293 membranes’ expressing different CCR2 receptor 

constructs and displaced by radioactive labelled I125 CCL2. All results are displayed in comparison 

to a stable CHO-CCR2B cell line as a positive control. The full-length CCR2 construct (CCR2-

K8.49) with the rubredoxin fusion in the ICL3 and the pointmutations N14Q, C70Y, G175N, A241D, 

was further mutated by K8.49E in the allosteric binding pocket (CCR2-RubD). At least two 

independent experiments were performed and mean values ± SD (as indicated by error bars) from 

one representative experiment were plotted, pipetted in triplicates. Modified from Apel et al. 2019 
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the allosteric binding pocket and shows little effect on the CCL2 binding (Figure 

30H), it seems to affect binding affinities for the orthosteric antagonist EX932. 

Competing the allosteric antagonists with radioactive CCL2, which binds in the 

orthosteric binding pocket, confirms both ligands as allosteric antagonists. Together 

with the synergistic stabilizing effect of EX932 and the allosteric antagonists (Figure 

19), the ligand binding data indicate a bi-directional communication of both binding 

pockets.  

Experiments with the orthosteric antagonist EX932 with CCR2 in complex with the 

allosteric ligands did not affect the binding. The expected indication of a bi-

directional communication could not be shown (data not shown). Here further 

experiments are necessary using radiolabeled small molecular antagonists.  

 

3.1.6 Ca2+ Signaling assay of the two CCR2 receptor splicing variants 

 

Expression in transiently transfected CHO cells. To show the cell surface expression 

of the wildtype CCR2A receptor and different CCR2A mutants in comparison to 

wildtype CCR2B fluorescence associated cell sorting experiments with 

phycoerythrin-labeled AB-CCR2 IgG were performed. CCR2A-WT transiently 

transfected in CHO cells shows no cell surface expression at all, while introducing 

the mutations C70Y, G175N and A2416.33D and or a combination with the rubredoxin 

fusion CCR2A is expressed comparably well to CCR2B, identifying C70Y, G175N 

and A2416.33D as amino acids involved in the cell surface expression (Figure 32). 

Whether the combination of all three amino acids or the influence of one single 

mutation site plays a role needs to be further examined, as well as the role of the 

rubredoxin fusion alone. 

Modifying the construct further by a HA-signal sequence the cell surface expression 

of both receptor variants could not be increased (data not shown). Truncating either 

the N-terminus by 28 amino acids or the C-terminus by 53 amino acids results did 

not alter the expression levels of the CCR2A receptor (Figure 32).  
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Figure 32: FACS analysis of the cell surface expression of CCR2a mutants transiently 

expressed in CHOqi5 cells in comparison to CCR2B-WT as a positive control (F) and 

the pcDNA 3.1 vector control (G). Cells were stained with phycoerythrin-labeled 

ABCCR2 IgG (red) and unspecific binding was detected with phycoerythrin-labeled 

mouse isotype control (IgGB2) (grey line). (E) The WT CCR2A receptor shows no surface 

expression but (A) can be expressed at the cell surface by introducing the point mutations 

C70Y, G175N and A241D,K311E and the rubredoxin fusion in the ICL3 as shown with CCR2-

Rub. (C-D) By truncating the N- or C-terminus alone it is not possible to trigger cell surface 

expression, but (B) introducing the point mutations C70Y, G175N and A241D CCR2A is 

expressed at the cell surface. K311E was excluded, because the final crystallization construct 

only contains the three mentioned point mutations.  
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Ca2+ signaling. To prove the functional activity of the CCR2 receptor variants a Ca2+ 

assay with transiently transfected CHO cells, either stably expressing the Gα16 or 

the Gqi5 subunit, was performed. Wildtype CCR2B shows no clear signaling when 

transiently transfected in CHOα16 cells and stimulated with its endogenous ligand 

CCL2. But a clear Ca2+ influx could be monitored when transiently transfected in 

CHO cells stably expressing the chimeric Gqi5 subunit (Figure 33A), showing that 

the receptor couples to Gi subunits, but not to Ga16. By mutating the C70 as well as 

the G175 the signaling is not impacted, but exchanging the alanine at pos241 for 

aspartic acid Ca2+ signaling is not possible anymore (Figure 33B). Although it is 

described that CCR2A-WT, once expressed in sufficient levels, shows a comparable 

Ca2+ signaling ability to CCR2B-WT, the introduced point mutation A241D fully 

disables any signaling (Apel et al. 2019). Our engineered CCR2 construct can be 

expressed at the cell surface (the rubredoxin fusion, does not impact the cell surface 

expression), and therefore is a good model for nearer defining the orthosteric, as 

well as allosteric binding pocket and gives insight in the G protein binding site.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 33: Ca2+ signaling assay. Transient transfected CHOα16 and CHOqi5 cells were stained 

with Calcium 6 assay dye and stimulated with 100 nM MCP-1 (black). Ca2+ influx was monitored 

using the FLIPR Tetra® screening system. CCR2b (WT) as a positive control shows a clear signal 

in CHOqi5 cells (A). The mutation C70Y and a combination of C70Y and G175N does not impact 

the Ca2+ signaling, but introducing A241D a signaling is not possible anymore (B). At least two 

independent experiments (n=2) were performed and mean values ± SD (as indicated by error 

bars) from representative triplicates were plotted.  
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3.1.7  Crystallization of CCR2 

 

Purified CCR2 was concentrated to at least 35 mg/mL and crystallized using the 

LCP method as described in chapter 3.14 in the presence of a small molecular 

antagonist. The antagonists with the best stabilizing effect as determined by DSF 

(∆Tm≥5°C), i.e. EX932 > EX933 > EX326 (Figure 18) were chosen for 

crystallization. Initial crystal hits were found with full-length CCR2-RubD with the 

mutated glycosylation site N14Q in complex with the orthosteric antagonist EX932. 

Initial crystallization conditions were 0.1 M Tris pH 8.5, 40 % PEG400, and one of 

the following salts 0.1 M NaNO3, HCOOH, C2H3NaO2, K(HCOO), KCl and CH3CO2K. 

After optimization, diffraction quality crystals (Figure 34) were obtained with 0.1 M 

TRIS pH 8.0, 150 mM C2H3NaO2 and 40% PEG400. The crystals grew to an 

average size of 80 µm x 20 µm as needles or plates. Crystals were harvested from 

the LCP drop on MicroMounts and directly frozen in liquid nitrogen. Some crystals 

diffracted to 4-5 Å resolution. The best partial dataset could be processed to 4.65 Å. 

The first data set showed monoclinic crystal symmetry (space group C2). Due to the 

lack of reproducibility of diffraction quality crystals, no complete data set could be 

collected on multiple crystals such that the final data set merely had 19.5 % 

completeness.   

 

Figure 34: (A) Crystals of CCR2-RubD in C2 (or C) crystal form with an average size of 80 

µm x 20 µm and (B) diffraction pattern of CCR2-RubD at 4 Å resolution as indicated by the 

arrow. 
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Meanwhile the structure of CCR2B (PDB: 5T1A) in a tertiary complex with an 

orthosteric and allosteric antagonist was solved (Zheng et al. 2016). To further 

optimize the crystallization two different allosteric antagonists EX1928 and EX809 

were tested. With both allosteric ligands the reproducibility of crystal formation could 

be significantly enhanced. Best crystals were obtained with CCR2-RubD crystallized 

in the presence of the orthosteric ligand EX932 and the allosteric ligand EX809. 

Crystals grew to 80 µm x 20 µm as thin plates in 0.1 M MES pH 6.0, 0.2 M 

ammonium acetate and 40 % PEG400. A complete data set could be collected at 

3.3 Å resolution (Figure 37) (Apel et al. 2019) and the structure was solved using 

molecular replacement (using CCR2-5T1A as model). Data collection and 

refinement statistical are summarized in Table S1. Interestingly, it was observed 

that the protein needs to be stored for at least 48 h at 4°C before crystals form. This 

suggests N- or C-terminal proteolysis as already described in chapter 3.1.3. 

 

Figure 35: (A) Crystals of full-length CCR2-RubD in P21 crystal form with an average size of 

80 µm x 20 µm with (B) the diffraction pattern to 3.3 Å. (C) Crystals from ∆N28-CCR2 in 

P22121 crystal form with an average size of 30 µm x 20 µm and (D) show the same image 

under cross polarized light. 
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An N-terminal cleavage of CCR2 before the glycine at position 29 was determined 

by N-terminal sequencing. An N-terminally truncated construct ∆N28-CCR2 was 

designed based on the above information. The extended C-terminus was 

maintained as it is the main difference to isoform CCR2B. For this construct best 

crystals were obtained in the presence of EX932 and the allosteric ligand EX1928. 

Crystals grew after 48 h at 4°C to a size of 30 µm x 20 µm as thin plates in 0.1 M 

HEPES pH 7.5, 0.2 M ammonium chloride and 40% PEG400 (Figure 35C, D). A 

complete data set could be solved at 3.2 Å resolution (data statistics not shown). In 

both structures no density for the allosteric ligand is found. Further construct design 

included the C-terminal truncation to amino acid Gly321, which is the last amino acid 

resolved in the full-length structure (Figure 37A) and the back mutation of K311E in 

helix 8, which probably disturbs the binding of the allosteric ligand (Figure 39) (Apel 

et al. 2019). Additionally IMISX in-situ plates instead of the commonly used glass-

plate sandwich was used for crystallization, allowing a direct measurement of all 

crystals from one drop, without harvesting (Figure 36 B, C) (Apel et al. 2019). 

Crystals with a rod-like morphology measuring up to 50m in the longest dimension 

were obtained in 0.1 M bis-tris propane pH 6.5, 0.2 M potassium nitrate, 39% (v/v) 

PEG400, 3% (v/v) 1,2-propanediol (Figure 36 A), in the presence of both orthosteric 

(EX932) and allosteric antagonist (EX1928). A complete data set could be collected 

and refined at 2.7 Å resolution (Apel et al. 2019). Data collection and refinement 

statistics are summarized in Table S1. With this construct crystals grew immediately 

after purification without any further incubation, suggesting that this time no 

proteolytic cleavage was needed. Protein stability was consistent with data from 

SLS (Figure 20). Unfortunately again no density for the allosteric ligand was found 

(Apel et al. 2019). Crystal packing information can be found in the supplementary 

Figure S5 
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3.1.8 Crystal structure of CCR2A 

 

The crystal structures of CCR2A described in this chapter, were previously reported 

by Apel et al., 2019 (except of the last paragraph: “Comparison with the CCR5 

chemokine-bound receptor structure”). Since no significant differences in both the 

full-length and N-terminal truncated structural data are observed in the following the 

full-length CCR2 structure (CCR2-RubD, 3.3 Å) and the N- and C-terminal truncated 

structure (CCR2-∆N28+∆C53-K8.49, 2.7 Å) are compared. Additionally published 

structure information of CCR2B (PDB: 5T1A) and CCR5 (PDB: 4MBS) are included 

for discussion in chapter 4. 

 

Figure 36: Crystals of CCR2-∆N28+∆C53-K8.49 in P21 crystal form with two asymmetric units 

and serial crystallography data collection. (a) Crystal of CCR2-∆N28+∆C53-K8.49 with EX932 

with an average size of 50m using IMISX in-situ plates. (b) For data collection, the whole drop 

was harvested from the plate. Crystals were located by raster scanning and (c) diffraction position 

indicated using a color scale of red (strong) to green (weak). The protein was purified/ crystallized 

and collection and processing of the data was done by LeadXpro. The image was kindly provided 

by Robert Cheng. According to Apel et al. 2019 
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Overall molecular architecture. CCR2 shows the canonical 7 transmembrane 

domain topology, as known for all reported GPCRs, with 3 extracellular and 3 

intracellular loops, followed by an 8th helix, which lies parallel to the plasma 

membrane on the intracellular site (Figure 37A). Although CCR2 was crystallized 

in the presence of both allosteric and orthosteric antagonist, only the orthosteric 

compound EX932 is visible in the electron density. At the N-terminus the structure 

is resolved to residue G29 (CCR2-RubD), or residue D36 (CCR2-∆N28+∆C53-K8.49), 

respectively. At the intracellular site the C-terminus is resolved to residue G321 in 

both structures. As with other GPCRs CCR2 is likely to have two conserved disulfide 

bridges connecting the N-terminus to ECL3 (Cys32-Cys227) and the TM3 to ECL2 

(Cys113-Cys190). In our structure the electron density is only visible for Cys113-

Cys190. The N-terminal residues and the ECL3 are not clearly defined so that it 

cannot be excluded that the second disulfide bridge is present in the structure. 

Comparing both structures of this work with the published CCR2-5T1A it is 

noticeable that the last 3 helical turns on the intracellular site of TM5 and TM6 have 

different trajectories Figure 37D). In addition helix 8 of CCR2-RubD lies at a 30° 

angle to the lipid bilayer, whereas in CCR2-∆N28+∆C53-K8.49 it lies nearly parallel 

to the lipid bilayer, comparable to the already published CCR2B structure 

(Figure37D).This differences are probably due to crystal packing interactions and 

to the introduced point mutation C70Y1.60, which pushes helix 8 away in CCR2-RubD 

(Figure 37D). Moreover helix 8 as well as the rubredoxin fusion in the ICL3 are 

disordered. The “ionic lock” mutation A241D6.33, which was adapted from CCR5-

4MBS is formed in CCR2-∆N28+∆C53-K8.49, but not in CCR2-RubD (here the 

electron density is not good enough for allowing an exact position of the arginine). 

Comparing in particular the last 8 amino acids of our structures (corresponding to 

the CCR2A receptor splicing variant) and CCR2-5T1A (CCR2B) it appears that the 

additional amino acids do not contribute to any major structural differences. 
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Figure 37: Overview of the CCRA structure at 2.7 Å. (A) Seven-transmembrane receptor 

structure of CCR2-∆N28+∆C53-K8.49 (green) with the orthosteric antagonist EX932 (orange). (B) 

Structural superposition of CCR2A with the CCR2B tertiary complex receptor structure (grey) 

(PDB: 5T1A). (C) Different trajectories of TM5 and TM6 including CCR2-RubD for comparison 

(purple blue) (D) Differences in helix 8 trajectories. (E) Analysis of the allosteric binding pocket in 

comparison to CCR2-5T1A emphasizing the introduced point mutations C70Y1.60. (F) Ionic lock 

mutation A241D6.33 in comparison to CCR5 (yellow, PDB: 4MBS) (blue dashed lines indicate salt 

bridges). Highlighting the amino acids R3.50 in interaction with D3.49 and T2.39 (dashed lines). 

Modified from Apel et al. 2019 
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The orthosteric binding pocket with the antagonist EX932. As described previously 

the orthosteric binding pocket of CCR2 can be divided into a major (helices III –VII) 

and minor subpocket (helices I-II and VII). Both pockets are separated by the 

residues Y1203.32 and E2937.39.  

 

Figure 38: Binding mode of EX932 in the orthosteric pocket of CCR2-∆N28+∆C53-K8.49. (A) 

Detailed interaction analysis of the orthosteric antagonist EX932 (orange) with the orthosteric 

pocket of CCR2-∆N28+∆C53-K8.49. Hydrogen bonds are shown in pink dashed lines. (B) 

Schematic diagram highlighting the main interaction points between EX932 and CCR2A. 

Hydrogen bonds are shown in blue dashed lines. The dashed yellow line symbolizes the 

lipophilic contact to Y1203.32. The blue halos symbolize sites exposed to the solvent. (C) 

Superposition of BMS-681 (grey) from CCR2B (grey, PDB code 5T1A) onto CCR2A (green) 

bound with EX932 (orange) in comparison to the published structure CCR2-5T1A with BMS-681 

(grey). Hydrogen bonds are shown in pink dashed lines. (D) Schematic diagram of BMS-681 

interaction with CCR2B for comparison to (B).Figure (A) was kindly generated by Robert Cheng, 

LeadXpro and (C) by Christofer Tautermann, Boehringer, Ingelheim. According to Apel e. al. 

2019 
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EX932 binds primarily to the minor subpocket, with the 5,6,7,8-tetrahydro-1,6-

naphthyridine moiety between the TM1 and the TM7 and the trifluoromethyl group 

incorporated into the lipid bilayer. EX932 forms a hydrogen bond to the hydroxyl 

side chain of Y491.39, as well as with E2917.39, which additionally interacts with 

Y1203.32 in TM3. The tetrahydropyran ring adopts a chair conformation and sits 

above the Y1203.32, with a bridging water molecule mediating hydrogen bond 

interactions between its oxygen and the hydroxyl group of T1794.64 (Figure 38 A,B). 

The methoxy moiety points towards the C113 – C190 disulfide bridge between TM3 

and ECL2. The cyclopentane group forms packing interactions with the side chain 

of W982.60. No differences are observed for CCR2-RubD and CCR2-∆N28+∆C53-

K8.49. The G175N4.60 point mutations introduced in TM4 does not impact the binding 

to EX932 (Figure 38C). For discussion in the next chapter the published structure 

information of CCR2-5T1A are illustrated in Figure 38C, D. 

Modelling of different CCR2 antagonists in the orthosteric binding pocket. Different 

class orthosteric antagonists were tested for binding and stabilizing CCR2. 

Modelling in particular the sterically more demanding antagonists from the APA 

class in the orthosteric binding site (Figure 39), it is noticed that the asparagine 

introduced by G175N4.60 is in interaction distance with the compound. Moreover the 

compounds penetrate significantly deeper in the lipid bilayer. 

 

Figure 39: Modelling of different small molecular ligands from the APA class (purple, ruby) 

in comparison to EX932 (orange). Shown is the G175N4.60 mutation in CCR2-RubD (green) in 

comparison to the published non-mutated CCR2-5T1A (grey), interacting with the long APA class 

compounds. The APA class compounds penetrate deeper in the lipid bilayer. Computer Modelling 

was kindly done by Christofer Tautermann, Boehringer Ingelheim. According to Apel et al. 2019 
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Potential allosteric site. Although we crystallized our CCR2 constructs in the 

presence of an orthosteric and allosteric ligand, no density in the previously 

described allosteric binding pocket, nor elsewhere in the structure was found. By 

having a look in the published allosteric pocket the generated point mutations 

A241D6.33 and K311E8.49, accidentally clash the binding pocket as shown in Figure 

40. By computer modeling (kindly done by Christofer Tautermann, Boehringer 

Ingelheim) both allosteric ligands EX809 and EX1928, in comparison to the 

published BMS-681 ligand, are shown to be disturbed by the two mutations. In 

particular EX1928, which is significantly larger, is massively disturbed.  

 

Figure 40: Analysis of the allosteric binding pocket in comparison of CCR2-5T1A (grey), 

CCR2-RubD (green) and CCR2-∆N28+∆C53-K8.49 (purple). (A) Allosteric ligand BMS-681 in the 

allosteric binding pocket of the resolved CCR2-5T1A structure. (B, C) Modelling of the allosteric 

ligands EX809 and EX1928 in the published binding pocket. Highlighted are the introduced point 

mutations K311E8.49 and A241D6.33. The salt bridge of the mutated aspartate and R1383.50 is 

shown in a dashed blue line. The Modelling was kindly done by Christofer Tautermann, 

Boehringer Ingelheim.  
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Comparison with the CCR5 chemokine-bound receptor structure. In order to get 

insight into differences of the binding mode of the native chemokine in comparison 

to the orthosteric antagonist EX932 the CCR2-∆N28+∆C53-K8.49 receptor structure 

and the CCR5-[5PL]CCL5 (PDB: 5UIW) receptor structure were aligned (Figure 41). 

The modified chemokine antagonist [5PL]CCL5 is located comparably deep within 

the orthosteric binding pocket. 

 

 

Figure 41: Structural superposition of CCR2-∆N28+∆C53-K8.49 with the CCR5-[5P7]CCL5 

receptor structure (PDB: 5UIW). 
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3.2 CCR3 

 

The work on CCR3 as a target for structural research at Boehringer Ingelheim, 

Biberach started in 2012. Previous studies in my master thesis with human and rat 

CCR3 constructs, identified the rat receptor as significantly more stable during 

purification. While human constructs showed a better expression, the T4 lysozyme 

was a crucial modification for successful expression of rat CCR3 in Hi5 insect cells 

and for improved expression levels in general. Although C-terminal truncation by 15 

amino acids improved the stability of both species during purification, highest protein 

yields were still achieved with the rat receptor. Conspicuous was the high toxicity of 

CCR3 even for insect cells, therefore the cultivation time need to be kept as short 

as possible. On this background the plasmid design for CCR3 was further optimized 

by comparing different literature known fusions in the ICL3 as well as stabilizing 

point mutations. An overview of all CCR3 constructs used in this work is given in 

Table 9. Receptor stability was quantified by size exclusion chromatography and 

differential scanning fluorimetry. 

3.2.1 Expression 

 

Identical to the expression of CCR2, the CCR3 constructs for potential crystallization 

were expressed using the Baculovirus system with Hi5 insect cells. Successful 

expression of different CCR3 constructs was analyzed by Western Blot, and 

visualized in dependence from the virus concentration in Figure 42. All blots, from 

expressing constructs, revealed an apparent band at approximately 80 % of the 

expected molecular weight, a common observation for GPCRs, and exemplarily 

shown for CCR3-WT. hCCR3-WT is clearly expressed in Hi5 cells and further 

modifications by gene fusion systems for analytics and purification have no impact 

on the expression (CCR3-355). The human receptor constructs 21-CCR3 and 

CCR3-325 show no expression, identifying the first 20 amino acids, and the C-

terminal residues R326 to T339 as essential for expression of the human receptor. 

Highest expression levels are shown for full-length constructs with the T4L in the 

ICL3 and C-terminal truncated constructs with rubredoxin in the ICL3. 
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In comparison full-length rat CCR3 (CCR3-359) is badly expressed in Hi5 cells and 

no expression is observed truncating the last 15 amino acids at the C-terminus 

(CCR3-344), suggesting a great role of the C-terminus in the expression. Combining 

the truncated constructs with different fusion proteins in the ICL3, the expression is 

restored or even enhanced (only exception is BRIL). Best expression for rat CCR3 

is reached with rCCR3-344-T4L (STaR) and rCCR3-344-Rub (Figure 42). In 

general a great batch-to batch variability for both rat and human constructs was 

observed.  

  

 

Figure 42: Expression of different human and rat CCR3 constructs in Hi5 cells, using the 

Baculovirus expression system. Expression was detected via Western Blot analysis using 

an anti-penta-His, monoclonal antibody. The expression level was judged and compared by eye 

considering the virus concentration needed for maximal expression. The expression of CCR3-

WT is exemplarily shown by Western Blot analysis using an anti-CCR3, polyclonal antibody. 

Italic letters indicate results evaluated during my master thesis. *no expression 
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3.2.2  Purification 

 

Full-length as well as human CCR3 turned out to be highly instable during 

purification (Anna-K. Apel, Master Thesis, 2013). The rat receptor is most stable and 

purification procedures were optimized using rCCR3-344-T4L, which showed the 

first indication of a monomeric protein peak. The analysis of different non-ionic 

(DDM, MNG) and zwitterionic (FC-12, FC-14) detergents resulted in higher 

solubilization capacities for the zwitterionic detergents, but also an enhanced 

oligomerization (Figure 43, Master thesis, Anna-K. Apel).  

Protein fractions containing the potential monomeric protein were further analyzed 

by static light scattering to confirm the molecular weight and analyze the long term 

stability. Both samples are stable in its monomeric state during sample 

concentration, but oligomerize (DDM/CHS) respectively dimerize (FC-14/CHS) 

upon storage at 4°C (Figure 44A,B). The theoretical molecular weight of the 

monomeric CCR3 is 60.78 kDa. This means CCR3 is a monomer, when purified in 

DDM/CHS, but seems to be somehow degraded purified in FC-14/CHS (MWdetermined 

=51.9 kDa). The MW of the empty micelle is 102.2 kDa for DDM/CHS and 54.5 kDa 

for FC-14/CHS (Figure 44). 

  

 

Figure 43: (A) Protein profile after size exclusion chromatography of rCCR3-344-T4L 

solubilized and purified in DDM/CHS, FC-12/CHS or FC-14/CHS and the corresponding 

Coomassie gel (B). Purifications were repeated at least twice, shown are representative 

experiments. 
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In this work to increase the overall yield of monomeric CCR3, while using the more 

favorable DDM/CHS micelle architecture in terms of crystallization, the protein was 

solubilized in FC-12/CHS or FC-14/CHS and subsequent the detergent was 

exchanged to DDM/CHS during purification. Unfortunately, although the overall 

aggregation level is reduced by solubilizing in the fos-choline detergents, especially 

in FC-14/CHS, the total yield of the monomeric protein could not be increased 

significantly and CCR3 tends to oligomerize (Figure 45A). Solubilization in FC-

12/CHS resulted in total dimerization of CCR3 and solubilization in FC-14/CHS in a 

broader monomeric peak in comparison to the purification in DDM/CHS (potential 

dimer/monomer mixture). So for further purifications the receptor was maintained in 

DDM/CHS solely. 

 

 

Figure 44: Protein profile after SEC of the concentrated monomeric fraction of rCCR3-

344-T4L without further storage (red), 24h at 4°C (blue) and 96h at 4°C (yellow). In 

comparison are shown the purification in DDM/CHS (A) and FC-14/CHS (B). The protein 

distribution and the molecular weight were further analyzed by static light scattering. The 

calculated masses are denoted in the table. Purifications were repeated at least twice, shown 

are representative experiments. 
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While I was working on the construct optimization the CCR5 receptor structure in 

complex with maraviroc was published introducing rubredoxin in the ICL3 as 

stabilizing protein fusion. Further construct screening included the insertion of a 

rubredoxin fusion in ICL3 and cleavable tags at the C-terminus of CCR3. 

Additionally the fusions BRIL and mT4L, known from the β2 adrenergic receptor, 

were tested in the ICL3. The cleavage of the C-terminal tags reduced the 

aggregation level, but the insertion of rubredoxin, BRIL or mT4L showed no 

significant stabilization of the monomeric protein (data not shown). Interestingly 

mT4L seem to increase the thermal stability of CCR3 (Figure 48). 

  

 

 

Figure 45: Protein profile after size exclusion chromatography of rCCR3-344-T4L solubilized 

and purified in DDM/CHS, as well as solubilized in FC-12/CHS or FC-14/CHS and purified in 

DDM/CHS (A) and an the corresponding Coomassie gel (B). Purifications were repeated at least 

twice, shown are representative experiments. 
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3.2.3 Biophysical evaluation 

 

Circular dichroism spectroscopy. CCR3, as a GPCR, comprises a seven α-helical 

topology. Circular dichroism was used to analyze the secondary structure of purified 

CCR3 in different detergent environments. The CD-Spectrum is expected to show 

the common characteristics of an α-helical structure, i.e. two minima at 208 nm and 

222 nm, respectively. Figure 46 displays exemplarily the far-UV CD spectrum of 

rCCR3-344-T4L purified in DDM/CHS, as well as FC-12/CHS and FC-14/CHS, 

showing the ascertained minima.  

 

 

As expected the shape of the CD spectra suggest a high content of a typical α-

helical secondary structure of CCR2 in all three detergent environments. The 

identified minima are more pronounced in the non-ionic detergent DDM than in the 

fos-choline detergents, while no significant difference between FC-12 and FC-14 is 

detected. 

 

 

 

Figure 46: Circular dichroism spectroscopy of rCCR3-344-T4L purified in DDM/CHS (red) and 

FC-12/CHS and FC-14/CHS (black). CD experiments were performed with a 5 mm path length cell 

at 25°C, and the CD spectrum was recorded over the wavelength range of 197 to 260 nm with 1 nm 

resolution and an averaging time of 2 seconds. 
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Microscale thermophoresis. To prove ligand binding ability of purified CCR3, MST 

experiments in different detergent environments were performed. For showing the 

binding of the endogenous ligand the receptor was titrated to the red NHS-labeled 

rCCL24. In general a great batch-to-batch variability was observed; therefore three 

exemplary measurements in DDM/CHS, FC-12/CHS and FC-14/CHS are shown in 

Figure 47. In the fos-choline detergents the binding affinity seems better than in 

DDM (KDDDM = 2.4 µM, KDFC-12 =218 nM, KDFC-14=55 nM). 

 

 

Additionally different class small molecular antagonists (internal synthesis, 

Boehringer Ingelheim) were tested, but showed great batch-to batch variability as 

well and no significant data could be generated. 

Differential scanning fluorimetry. For nearly all CCR3 constructs a reliable melting 

temperature (Tm) could not be defined. With hCCR3-340-mT4L and the homolog 

rat receptor construct for the first time a Tm of a CCR3 receptor construct could be 

measured. The human receptor has an apo Tm of 39.44°C and the rat receptor of 

30.74°C. Several small molecular antagonists tested showed a destabilizing effect 

(data not shown, under the detection limited of the assay). 

Exemplarily shown is one stabilizing compound for each species, increasing the Tm 

of the human receptor maximal by 3.6 °C (EX1272) and of the rat receptor by 

maximal 7°C (BI804) and therefore binding the purified receptor (Figure 48 A,B). 

 

Figure 47: Microscale Thermophoresis showing the binding ability of rEotaxin-2 (rCCL24) to 

rCCR3-344-T4L in different detergent environments. Purified CCR3 shows better binding 

affinity in FC-12/CHS (Blue) and FC-14/CHS (black) compared to DDM/CHS (red). Shown are 

exemplary results from single measurements (great batch-to-batch variability).  
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Ligands were chosen species specific, with best potencies determined in cell based 

assays (in-house data, Boehringer Ingelheim). Although the thermal stability of the 

human receptor is higher, the monomeric rat receptor seems to be more stable 

during purification (Figure 48C). 

For further construct optimization the most promising human construct hCCR3-344-

mT4L was chosen and evaluated in terms of potential stabilizing point mutations 

(Master Thesis: Michael Brauchle and Tobias Bierig).  

 

 

 

Figure 48: DSF assay comparing the thermal stability of (A) hCCR3-340-mT4L and (B) 

rCCR3-344-mT4L both in the apo and the ligand bound state. (C) Protein profile after SEC 

of the human and the rat CCR3 receptor. The thermal stability is best with hCCR3-340-mT4L, 

although the protein profile after SEC is better for the rat construct. Experiments were at least 

performed in duplicates. For DSF experiments mean values of technical replicates were plotted, 

while the protein profile after SEC represents one representative experiment. For DSF the Tm is 

calculated by boltzman fit analysis and results are given as means ± SD.  
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4. Discussion 
 

4.1  Design of CCR2 constructs for crystallization 

 

With the CCR5 receptor structure (Tan et al. 2013) the four point mutations C58Y1.60, 

G163N4.60, A233D6.33 and K303E8.49 as well as the rubredoxin fusion in the ICL3 

were introduced to structure evaluation of chemokine receptors. In CCR9 no fusion 

protein was necessary, but the receptor was stabilized by N- and C-terminal 

truncation, as well as 8 different point mutations (Oswald et al. 2016). During my 

work on CCR2A, CCR2B was crystallized in a teritary complex with an orthosteric 

and allosteric antagonist using a modified receptor construct with the T4 lysozyme 

fusion in the ICL3 replaced with a M2 muscarinic receptor linker sequence and N-

terminal truncation by 28 amino acids (Zheng et al. 2016). In this work different 

fusion proteins including the mT4 lysozyme and rubredoxin in the ICL3, as well as 

the wildtype ICL3, different point mutations and N-/C-terminal truncations were 

tested. The mT4L fusion in the ICL3 destabilzes CCR2, which might be explained 

with an insufficient insertion in the ICL3 not matching the distance between the 

intracellular ends of helices V and VI as descibed for the adenosine A2a receptor 

(Chun et al 2012). In agreement with the construct design for CCR5, in this work the 

rubredoxin fusion and the four point mutations significatly increased the protein 

homogenity and thermal stability (Figure 13 and Figure 17). So my initial 

crystallization construct harbours the four point mutations C70Y1.60, G175N4.60, 

A241D6.33, K311E8.49 as adapted from CCR5, as well as the rubredoxin fusion in the 

ICL3 (Apel et al. 2019). CCR2A has a 71 % sequence identity to CCR5, which was 

adducted in the current work for construct design. This shows  the adaptiblity of 

stabilizing modifications between closely related receptors. The final receptor 

construct was N- terminal truncated by 28 amino acids and C-terminally by 53 amino 

acids and crystallized in the presence of an othosteric, as well as an allosteric ligand 

(Apel et al. 2019). 
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4.2  Structural aspects of CCR2 

 

CCR2A versus CCR2B. The following paragraph was discussed previously in Apel 

et al., 2019. The two CCR2 splicing variants CCR2A and CCR2B differ only in the 

C-terminal sequence (Charo et al. 1994), after residue R3138.51, id est. considering 

the C-terminal truncation of our crystallization construct CCR2-∆N28+∆C53-K8.49, 

the last 8 amino acids from the native amino acid sequence are different to the 

published CCR2-5T1A (Zheng et al. 2016). Unfortunately the full-length 

crystallization construct CCR2-RubD is only resolved from residue G29 at the N-

terminus to residue G321 at the C-terminus, confirming the N-/C-terminal proteolysis 

sites. Comparing our structures with CCR2-5T1A the 8th helix adopts a different 

orientation, which is explained by the C70Y1.60 mutation, which pushes the helix 

away in CCR2-RubD (Figure 37E). Moreover in CCR2-∆N28+∆C53-K8.49, which is 

more similar to CCR2-5T1A the F3218.50 moves back towards the G-protein binding 

site (pushed away upon ligand binding) and retains the π-stacking interaction with 

Y3057.53 of the conserved NPXXY motif on TM7 (Figure 37D), clearly showing the 

missing allosteric ligand in our structure. The last three turns on the intracellular site 

of TM5 and TM6 in CCR2-5T1A are rotated slightly outwards (Figure 37C). This is 

most likely due to the different fusion proteins within ICL3, which is T4 lyzozyme in 

CCR2-5T1A, and the presence of the allosteric ligand. Comparing in particular the 

last 8 amino acids of our structures (correspond to the CCR2A receptor splicing 

variant) and CCR2-5T1A (CCR2B) no amino acid configuration contribute to any 

major structural differences. 

Inactive receptor conformation. This paragraph was discussed previously in Apel et 

al., 2019. GPCRs undergo several conformational changes during the signaling 

process. The only example of an agonist bound crystallized chemokine receptor is 

US28 (Burg et al. 2015), representing the fully activated conformational structural 

signature. In contrast CXCR4 (Wu et al. 2010), CCR5 (Tan et al. 2013), CCR9 

(Oswald et al. 2016), as well as CCR2B (Zheng et al. 2016) are crystallized in an 

antagonist bound state. The inactive chemokine receptor signature as found in the 

CCR5-maraviroc complex and in the tertiary CCR2B complex is adopted in our 

structures as well. The intracellular ends of TM3 and TM6 are close together (Figure 

37B) and the conserved R1383.50 (of the DRY motif) interacts with the artificially 

introduced residue D2416.33, as well as with D3.49 and T2.39, in either cases disrupting 
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the G-protein binding site (Figure 37F). This interaction is a common signature in 

antagonist bound chemokine receptor structures (Wu et al. 2010, Tan et al. 2013, 

Zheng et al. 2016). In US28 in complex with CXC3CL1 the arginine is twisted 

outwards and the G-protein binding pocket is accessible (Burg et al. 2015). Y3057.53 

on TM7 (twisted outwards) points towards TM2 as described for CCR2B and CCR5, 

clearly showing that CCR2A in complex with EX932 adopts the expected inactive 

conformation.  

Orthosteric site: clear density for EX932 (the following paragraph refers to Apel et 

al., 2019). The thermostabilized CCR2A receptor variant was crystallized in complex 

with the orthosteric ligand EX932 (described in the literature as MK-0812 in 

Wisniewski et al. (2010)). This ligand was chosen because it produced the highest 

thermal shift (Figure 18). EX932 failed in phase II clinical trials for the treatment of 

arthritis and multiple sclerosis, due to lack of efficacy (Horuk 2009). Several 

mutation studies in the orthosteric site of CCR2 exist which examine the interaction 

of single amino acids with different small molecular antagonists (Berkhout et al. 

2003, Cherney et al. 2008, Hall et al. 2009). Chemokine receptors have a conserved 

glutamic acid in TM7 (Rosenkilde et al. 2006), which is Glu2917.39 in CCR2 and was 

shown to interact with some CCR2 antagonists, particularly the piperidine class 

(Cherney et al. 2008). This interaction was for e.g. also observed with maraviroc 

and CCR5 (Glu2837.39) (Tan et al. 2013). When comparing the interaction points in 

the orthosteric pocket of the published CCR2-BMS681 complex (Zheng et al. 2016) 

with CCR2-∆N28+∆C53-K8.49 bound to EX932, overall the pockets are very similar 

(Figure 38), e.g. both interact with Y491.39 and form packing interactions with 

W982.60. One main difference is that BMS-681 does not interact with Glu2917.39, 

while EX932 forms a hydrogen bound with exocyclic amine of EX932 as illustrated 

in Figure 38. This can be explained with the different substitution pattern in the 

heterocycle of the compounds.  

Comparing the mandatory amino acids described for CCL2 binding and/or activation: 

Y491.39, W982.60, Y1203.32, H1213.33, E2917.39, T2927.70 (Berkhout et al. 2003, Hall et 

al. 2009), EX932 interacts with several of them, either via direct hydrogen bonding 

or packing interactions including Y491.39, W982.60, Y1203.32 and E2917.39. Thus 

EX932 directly competes with CCL2 binding, which was also demonstrated in SPA 

experiments (Figure 31). Moreover the G-protein coupling is indirectly affected by 

stabilizing an inactive receptor conformation.  
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Allosteric site: No density for the allosteric ligand. Different studies described an 

intracellular allosteric binding pocket in class A GPCRs, when reading out direct 

inhibition of G-protein coupling. This is observed for Vercirnon in CCR9 (Oswald et 

al. 2016), Cmpd-15 in β2-adrenergic receptor (Liu et al. 2017) and CCR2-RA-[R] in 

CCR2B (Zheng et al. 2016), suggesting a common allosteric pocket. In this study 

two different allosteric modulators of CCR2 reported in the literature were tested, 

EX809 and EX1928. For both allosteric ligands IC50 values in the µM range could 

be detected in SPA competition experiments employing I125-labelled CCL2 (Figure 

31). For EX1928 binding affinities between 74 nM and 136 nM were measured in 

MST experiments (Figure 25). But even when crystallization was carried out in the 

presence of the orthosteric antagonist EX932 and an allosteric antagonist under 

saturating conditions the allosteric antogonists were not visible in the electron 

density map as described in Apel et al. 2019. One explanation are the point 

mutations A241D6.33 and K311E8.49, which stabilize the inactive receptor 

conformation and together change the structural arrangement of the allosteric 

binding site. K311E8.49 located in helix 8, directly points into the allosteric binding 

site (Figure 40) and was previously reported to be highly conserved among 

chemokine receptors (68.4 %) and to play a major role in the interaction with several 

CCR2 allosteric antagonists (Zweemer et al. 2014). By back mutating the glutamate 

to lysine the binding affinity of the allosteric ligand could be slightly enhanced in SPA 

experiments (Figure 31) and the induced thermal shift upon ligand binding is 

increased (Figure 19), confirming the role of K3118.49 in allosteric antagonism. The 

inactive conformation of TM6 can be stabilized by the so called “ionic lock”, where 

an acidic residue (Asp/Glu6.30) interacts with R3.50 in TM3 (Chien et al. 2010). In 

chemokine receptors at position 6.30 an acidic residue does not naturally occur, but 

for CCR5 A233D6.33 is reported to artificially form this salt bridge. Thereby stabilizing 

the inactive form of the receptor and inhibiting the binding of the native ligand CCL3 

(MIP-1a) (Tan et al. 2013). In CCR2B the A2416.33 is described to be involved in 

forming the inner hydrophobic part of the allosteric pocket (Zheng et al. 2016). In 

our structure the described salt bridge is artificially formed by mutating A241D6.33 

(Figure 37), resulting in a compromised binding of the allosteric ligand as discussed 

previously (Apel et al. 2019). But why is there no density of the allosteric ligand, 

although binding could be shown? One explanation might be the reduced solubility 

of the allosteric ligands in the conditions of the crystallization screen (Apel et al. 
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2019). This was previously described to be problematic resolving the β2 adrenergic 

receptor structure in complex with Cmpd-15 (Liu et al. 2017). Moreover the binding 

affinity of the allosteric compounds in this study is in the range of 172 nM to 320 nM 

in comparison to 8.8 nM reported for CCR2-RA-[R] (Zweemer et al. 2014). Anyway 

further experiments are necessary, including the back mutation of A241D6.33 and if 

indicated design of better soluble compounds. 

Bi-directional communication of the extracellular orthosteric binding pocket and the 

intracellular allosteric binding pocket. A bidirectional communication of the 

extracellular orthosteric and the intracellular allosteric site for GPCRs was described 

previously. Studies with the A2A receptor (Hino et al. 2012), the β2 adrenergic 

receptor (Staus et al. 2016) using allosteric antibodies/nanobodies as well as with 

CCR2-5T1A using the allosteric antagonist CCR2-RA-[R] (Zheng et al. 2016), 

demonstrate a positive cooperativity, upon binding of the orthosteric ligand. All three 

mentioned allosteric modulators target the same allosteric binding site, which is 

possibly also addressed by the allosteric compounds used in this study. In particular 

EX1928 is structural closely related to the published CCR2-RA-[R] (Figure 40). In 

this study radioactive CCL2 competes with both allosteric ligands, suggesting a 

direct influence of the intracellular allosteric site with the extracellular orthosteric 

binding site. When titrating the orthosteric ligand to a CCR2-EX1928 complex in 

MST experiments, the binding affinity is slightly enhanced. Together with the 

synergistic stabilizing effect of EX932 and the allosteric antagonists shown in DSF 

experiments (Figure 19), previously described with BMS-681 and CCR2-RA-[R] 

(Zheng et al. 2016), the ligand binding data confirm a bi-directional communication.  

 

4.3  Radioactive ligand binding assay with HEK293-CCR2 membranes 

 

Baculovirus-infected insect cells are commonly used for the expression of GPCRs 

for crystallography. While the biological activity of chemokine receptors from the 

CXC class is described from raw insect cell membranes (Wu et al. 2010), ligand 

binding of CC chemokine receptors is only described with membranes form 

mammalian cells, either from HEK293 (Tan et al. 2013, Oswald et al. 2016) or CHO 

(Zheng et al. 2016) cells. For both receptor classes ligand binding and biological 

function are highly dependent from the sulfation state of the acidic N-terminus 
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(Farzan et al. 1999, Seibert et al. 2008, Zhu et al. 2011). For CCR2 the sulfation of 

both tyrosine residues in the tyrosine sulfation motif 25DYDY28, increases the binding 

affinity to CCL2 by 3 orders of magnitude and even with either Tyr26 or Tyr28 sulfated 

the affinity increases by 30-fold (Tan et al. 2013). Comparing mammalian and insect 

cells in processing posttranslational modifications, limitations in tyrosine sulfation 

are described. In this work, successful binding of the endogenous ligand CCL2 to 

its receptor could only be detected using HEK293 cell membranes, whereas CCR2 

expressed in Hi5 cells showed no response to its ligand (Figure 28). Together with 

the reduced potencies detected by inhibiting the tyrosine sulfation with sodium 

chlorate in HEK293 cells (Figure 29) an incomplete sulfation state hindering high 

potent ligand binding in Hi5 cells seems likely.  

To prove the experimental set-up stable CHO-CCR2B membranes were used as a 

positive control as described before (Apel et al. 2019). Unlabeled CCL2 displaced 

radiolabeled I125-CCL2 from CHO-CCR2B cells, with an IC50 value of 0.8 nM (Figure 

30). Previously reported values for the IC50 of CCL2 binding to CCR2 vary in the 

range of 0.15 nM to 1.9 nM, dependent from cell line, buffer composition and 

expression level, as discussed previously (Apel et al. 2019). In a comparable assay 

set-up with CHO-CCR2B, differing in the assay buffer composition, a displacement 

of radiolabeled I125 CCL2 with unlabeled CCL2 with an IC50 value of 0.15 nM was 

determined (Parody et al. 2004). In monocytes CCL2 binds to CCR2 with an IC50 

value of 0.7 nM (Berkhout et al. 1997). In Jurkat T cells values for the IC50 of CCL2 

binding to CCR2 vary in the range of 0.7 to 1.9 nM, increasing with the expression 

level (Sanders et al. 2000). Since the assay buffer composition influences the 

binding of CCL2 to CCR2 (Figure 28), differences in the pH might be the reason for 

the difference to the described experiment in CHO cells. Anyway the IC50 value for 

CCL2 binding to wild-type CCR2B is in the expected range (Apel et al. 2019). In 

comparison the IC50 values for the CCR2A receptor is 5 nM, which is explained with 

a significantly lower expression level (Sanders et al. 2000). The nearly identical IC50 

value for CCR2-Rub in comparison to CHO-CCR2B, might be explained with a 

comparable expression. In this work FACS experiments showed that the CCR2 

modifications (point mutations and rubredoxin) significantly increased expression 

(Figure 32).  



                                                                            Discussion 
 

106  

CCR2 mutants were transiently transfected in HEK293 cells, to examine the effect 

of different point mutations, the rubredoxin fusion and N- and C-terminal truncation 

on binding to CCL2. The rubredoxin fusion and the four pointmutations C70Y1.60, 

G175N4.60 and A241D6.33 and K311E8.49 have little effect on CCL2 binding (Figure 

30) (Apel et al. 2019). This is in line with previously performed CCR5 experiments, 

where CCL3 binding to CCR5, modified by the homolog point mutations was not or 

minor effected (Tan et al. 2013).Since CCR2 expressed in Hi5 cells is a glycoprotein 

(Figure 12), in full-length CCR2 constructs for crystallization the glycosylation site 

was mutated by N14Q. Preventing glycosylation shows minor effect on CCL2 

binding. That is in line with existing experiments with CCR2B expressed in HEK293 

cells, which showed that the deglycosylation at least had no impact on Ca2+ 

signaling and adenylate cyclase inhibition (Preobrazhensky et al. 2000). This is also 

the case for other GPCRs, where the deglycosylation had no effect on the 

pharmacology of the histamin H1 receptor (Shimamura et al. 2011), as well as the 

M2 (Haga et al. 2012) and M3 muscarinic receptor (Kruse et al. 2012). CCR2 was 

further modified by N- and C-terminal truncation. The C-terminal truncation up to 53 

amino acids has no significant effect on CCL2 binding (Apel et al. 2019). This is 

consistent with existing data for all three CC chemokine receptors CCR2B (Zheng 

et al. 2016), CCR5 (Tan et al. 2013) and CCR9 (Oswald et al. 2016) with a solved 

protein structure. In contrast the truncation of 28 N-terminal amino acids disables 

binding (Apel et al. 2019). That is not surprising, as in several studies the N-terminal 

extracellular domain of chemokine receptors is described as important for ligand 

binding. For CCR2 in particular two adjacent sulfated tyrosine residues in the N-

terminus are involved in ligand binding (Tan et al. 2013), as discussed before. 

Moreover the residues 21-26 in the N-terminus of CCR2 have been identified to be 

essential for CCL2 binding (Preobrazhensky et al. 2000).  

When analyzing the orthosteric antagonist EX932 and the allosteric antagonists 

EX809 and EX1928 similar results have been obtained. The rubredoxin fusion and 

the three mentioned point mutations (C70Y1.60, G175N4.60 and A241D6.33), show no 

significant effect on ligand binding of the orthosteric antagonist, as well as the 

allosteric antagonists in a construct, where the glycosylation site is mutated. Due to 

the assay set-up with I125 CCL2, experiments were performed with a full-length 

construct. N- and C-terminal truncations have no impact on binding as shown in 

DSF experiments (Figure 17). Confirmed in the structure (Figure 40) EX932, 
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EX809 and EX1928 do not interact with N-terminal residues in particular. But 

mutating K3118.49 to glutamic acid the IC50 value is slightly effect for the orthosteric, 

as well as the allosteric ligand by a factor of three to six (Figure 29) as described 

previously (Apel et al. 2019). Although K3118.49 is located in the allosteric binding 

pocket and shows little effect on the CCL2 binding, it seems to slightly effect binding 

affinities for the orthosteric antagonist EX932. This might be explained by the 

different binding modes, because the smaller EX932 binds mainly in the minor 

subpocket of the orthosteric binding site, while CCL2 fills the whole pocket Figure 

41. 

 

4.4  Ligand binding activity of CCR2 in detergent micelles  

 

Thermostabilizing effect of different class antagonists. The thermostabilizing effect 

upon small molecular ligand binding, id est stabilizing one receptor conformation, 

could be shown for several GPCRs (Jaakola et al. 2008, Chien et al. 2010, Knepp 

et al. 2011, Tan et al. 2013). In this work the thermal stability could be increased to 

various extend by different class antagonists. One exception is EX1224, the only 

ligand from the spiropiperidine class that destabilizes CCR2. The shift in melting 

temperature demonstrates that these ligands bind to CCR2 and directly influence 

the behavior of the receptor, as described by Apel et al. (2019). Comparing the 

compound induced Tm shift with literature known (Mirzadegan et al. 2000, Xue et 

al. 2010, Chu-Biao Xue* 2011, Cumming et al. 2012, Cai et al. 2013) and in-house 

evaluated Ki values, a correlation tendency in dependence from the compound class 

is observed, showing a missing correlation with the compounds from the APA class 

(Apel et al. 2019). The first evidence of the influence of ligand binding on the thermal 

stability has been shown in enzyme studies (Matulis et al. 2005). In the field of 

GPCRs, for the structure evaluation of the dopamine D3 receptor different 

phenylpiperazine compounds were tested, showing a strong linear correlation 

between Ki values and thermal stability as illustrated. This results are generated 

within one compound class, however that the correlation of Ki and stability is 

dependent form the structural characteristics of the antagonist was demonstrated 

using fatty acid amide hydrolase, an integral membrane enzyme (Slaymaker et al. 

2008). This may explained with differences in the energetics of binding, that means 
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weather it is an entropic or enthalpy driven process. Recently the phenomenon of 

thermal shift upon ligand binding was described as an entropic driven process 

(Redhead et al. 2017). But, when modelling the compounds from the APA class in 

the orthosteric binding pocket of our structure (Figure 39), the long antagonists get 

in interaction distance of the introduced G175N4.60 mutation and incorporate deeper 

in the lipid bilayer (Apel et al. 2019). Since the Ki values are generated on wildtype 

CCR2, this explains the missing correlation. 

Thermostabilizing effect of CCL2. The stabilizing effect upon binding of the native 

ligand CCL2 to its receptor could not be reliably detected using the CPM-assay 

format, possibly due to dye cross reactions. That the binding of a fluorescence dye 

to the protein may influence the melting behavior could be shown previously (King 

et al. 2011). Therefore nanoDSF was used, which monitors the intrinsic 

fluorescence of the protein. The corresponding Tm of apo CCR2-RubD is 56.3°C, 

which is comparable with the Tm determined using the CPM-assay format (Tm = 

55.6°C). The individual Tm of CCL2 is 74.3°C and the potential CCR2-CCL2 

complex has a Tm of 68.4°C that is a ∆Tm of 12.1 °C. A general problem is that 

measuring protein-protein interactions two melting points, or possibly three melting 

points representing the two individual proteins and the protein complex are expected. 

Depending on the differences in thermal stability this melting points may interfere, 

challenging the exact interpretation of the data. However, for an engineered CCR5-

rubredoxin construct (comparable to our construct design) the melting temperature 

of the apo protein could be increased by 11.7 °C adding the chemokine antagonist 

[5P7]CCL5 (Zheng et al. 2017). This is in agreement with the present data. 

Ligand binding activity determined by MST. To prove ligand binding activity of 

purified CCR2 in detergent micelles, the binding to its endogenous ligand CCL2 was 

tested by MST. The resulting KD value of CCR2-RubD purified in DDM/CHS with 

CCL2 is 2.7 nM. The N-terminal truncated construct, discussed in chapter 4.3, 

showed as expected from SPA experiments (Figure 30) no binding to CCL2 and 

can be considered as a negative control (Figure 24). As discussed previously 

values for the IC50 of CCL2 binding to CCR2 vary in the range of 0.15 nM to 1.9 nM 

(Berkhout et al. 1997, Parody et al. 2004). This is within a 1 order of magnitude 

difference, as reported previously e.g. for CCR5. In cellular assays the KD of 

RANTES to its receptor CCR5 is 0.38 nM (Bannert et al. 2001), while expressed in 
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Sf-21 insect cells and solubilized in a DDM/CHAPS/CHS/DOPC mixture the KD 

determined in surface plasmon resonance (SPR) experiments is 2.6 nM (Wiktor et 

al. 2013). This suggests a common divergence impacted by the extraction of the 

protein from the native environment into detergent micelles, as well as limited 

posttranslational modifications in insect cells as discussed in chapter 4.3.  

Additionally different class small molecular antagonists were tested, including 

EX932 and EX1928 (the intrinsic fluorescence of EX809 was to high). The 

determined KD values range between 136 nM to 14.2 µM with CCR2-RubD (Figure 

25). No correlation to previous determined in vivo Ki values or the induced thermal 

shift could be detected (Table 19). This is explained by the G175N4.60 mutation in 

the orthosteric binding pocket as discussed before. Experiments with CCR2-

∆N28+∆C53 with the native K3118.49 or containing the K311E8.49 mutation 

hypothesize a reduced binding affinity when mutating the lysine (Figure 26). 

However the concentration of CCR2 had to be kept at 250 nM to reach a sufficient 

fluorescence level, that means with high potent compounds in the low nanomolar 

range the assay wall is reached. This is approximately 0.5 times the used protein 

concentration (Eason et al. 1936). But although no absolute values can be 

determined, tendencies can be observed, since similar results were obtained in SPA 

experiments (Figure 31). 

 

4.5  Cell surface expression and functionality of CCR2 in CHO cells  

 

Cell surface expression of CCR2 transiently transfected in CHO cells. Fluorescence 

associated cell sorting experiments showed that CCR2B-WT (positive control) 

transiently transfected in CHO cells is expressed at approximately 30 % at the cell 

surface, while CCR2A-WT shows no cell surface expression at all. This is in 

agreement with existing results, where only 10 % of the expressed CCR2 contribute 

to CCR2A levels on THP-1 cells and monocytes. In transiently transfected COS-7 

cells no expression of CCR2A on the cell surface was detected (Tanaka et al. 2002). 

Truncating either the N-terminus by 28 amino acids or the C-terminus by 53 amino 

acids, results in no improved expression levels of the CCR2A receptor (Figure 32). 

That can be explained, since the N-terminus plays a major role in receptor trafficking 

from the ER through the golgi apparatus and to the cell surface. For example the 
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α2B-AR receptor lacking the N-terminal 12 amino acids is not expressed at the cell 

surface and trapped in the ER (Wu et al. 2015). CCR2A is described to be retained 

intracellularly in the golgi apparatus (Nakayama et al. 2004), which is assigned to a 

C-terminal retention signal between the residues 316 and 349 (Wong et al. 1997). 

In this work the C-terminus was truncated to amino acid 321 (last amino acids 316His-

Ile-Ala-Leu-Gly321), which still prevent the cell surface expression of the receptor, 

assigning these amino acids a great role to hinder the export trafficking. Interestingly 

introducing the pointmutations C70Y, G175N, A241D in the full-length receptor 

leads to a cell surface expression comparable to CCR2B-WT, identifying these three 

amino acids as potentially involved in the cell surface expression. C70 is located in 

the TM1, G175 in the TM4 and A241 in the ICL3. The influence of single amino acids 

in the TM1 and helix 8 could be recently shown for the β2 adrenergic receptor 

(Parmar et al. 2017). And for CCR2 different single amino acids in the ICL1,TM5 –

TM7 and helix 8 have been shown to slightly effect the cell surface expression of 

CCR2 (Zweemer et al. 2014). All three point mutations stabilize the inactive form of 

the receptor and reduce the overall flexibility and thereby seem to compensate for 

the retention signal described before. Whether the combination of all three amino 

acids or the influence of one single mutation site plays a role in here, needs to be 

further examined. Combining the point mutation and the rubredoxin fusion in the 

ICL3 the expression is further enhanced. Again weather the rubredoxin fusion alone 

triggers the cell surface expression needs to be further examined. Overall the 

inactive, rigidified receptor can be expressed at the cell surface. 

G-protein binding site and Ca2+ Signaling of CCR2. CCR2B-WT shows no or 

insufficient Ca2+ signaling, when expressed in CHO-Gα16 cells (Figure 33A), 

suggesting an ineffective coupling to the Gα16 subunit. Although CCR2B is reported 

to couple to Gα16 (Arai et al. 1996, Tian et al. 2008), coupling to Gα16 inhibits the 

SRF activity of both CCR2 receptor variants (Vatter et al. 2016). Therefore CHO 

cells transiently expressing the Gqi5 subunit were chosen, which were previously 

reported to allow for CCR2 signaling (Arai et al. 1996). CCR2B-WT, as a positive 

control, shows a clear Ca2+ signaling, when transiently transfected in CHOqi5 cells 

and stimulated with its endogenous ligand CCL2 at saturation concentration. By 

mutating the C70Y as well as the G175N the signaling is not impacted, but 

exchanging the alanine at pos241 for aspartic acid Ca2+ signaling is not possible 

anymore (Figure 33B). Although it is described that CCR2A-WT, once expressed 
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in sufficient levels, shows a comparable Ca2+ signaling ability to CCR2B-WT (Wong 

et al. 1997), the introduced point mutation A241D6.33 fully disables any signaling 

(Apel et al. 2019). That is not surprising, since the mutation is near the G-protein 

binding site in the ICL3, which is formed by the intracellular loops, opening the TM5 

and TM6 region as shown for the β2 adrenergic receptor (β2AR) (Rasmussen et al. 

2011). It was also shown that specific point-to-point interactions, such as in 

rhodopsin the ser240 in the ICL3, interact with specific regions of the associated G-

protein (Cai et al. 2001). As discussed in chapter 6.2 this mutation stabilize the 

inactive conformation in CCR5, inhibiting the binding of the endogenous ligand (Tan 

et al. 2013). Although the binding of the endogenous ligand CCL2 is not impacted 

by this mutation in this extend as shown in radioactive competition assays, the 

A2416.33 is directly involved in the formation of the inner hydrophobic pocket of 

CCR2 (Zheng et al. 2016), assigned to G-protein coupling. The engineered CCR2 

construct in this study can be expressed at the cell surface, and therefore is a good 

model for nearer defining the orthosteric, as well as allosteric binding pocket and 

gives insight in the G-protein binding site.  
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4.6 Tendency of CCR3 to dimerize in dependence from the detergent 

environment 

 

The choice of the detergent for extracting GPCRs from their native environment and 

keep them stable is the first critical step in purifying and finally crystallizing the 

receptors. Different detergents are reported for the solubilization and purification of 

CCR3, including the non-ionic detergent DDM and the zwitter-ionic detergents FC-

12 and FC-14, with higher solubilization capacities for the FosCholines. High 

solubilization capacities do not necessarily correlate with good stability of the 

monomeric protein, as CCR3 tends to dimerize in the FosCholines (Ren et al. 2009, 

Ge et al. 2015). This is in good agreement with results in the present work. So one 

indicator for the stabilizing effect of the detergent environment is the oligomerization 

state of the protein, which can be easily judged on SDS-PAGE or SEC. Membrane 

proteins especially tend to oligomerize after protein concentration as shown e.g. 

with CCR5, where the oligomerization is described as cysteine mediated (Wiktor et 

al. 2013). In this work an additional dimerization/oligomerization tendency especially 

in FC-14 was observed upon long-term storage of CCR3 at 4°C (Figure 45). From 

the functional point of view for many chemokine receptors it has been reported, that 

they exist and function in homodimers, for example for CCR2 (Hurevich et al. 2013), 

CCR5 (Oppermann 2004) and CXCR4 (Babcock et al. 2003). However, weather 

CCR3 actually forms dimers remains open. 

4.7 Ligand binding ability of purified CCR3 in different detergent micelles 

 

CCR3 is the only known chemokine receptor activated by the whole eotaxin 

chemokine family, although only CCL24 and CCL26 are reported to selectively 

activate the receptor (Allen et al. 2007). The binding potency on eosinophils, 

respective murine L1-2 cells to CCR3 is described as CCL11=CCL24 >CCL26 

(KDCCL11 = 0.52 nM, KDCCL24 = 0.6 nM, KDCCL26 = 0.9 nM) in the sub-nanomolar range 

(Ponath et al. 1996, Zhang et al. 2002). Alanine scanning mutagenesis showed that 

charged residues in the ICL3 are primarily involved in CCL11 binding, whereas 

CCL24 interacts with charged residues in the ICL2 and ICL3 (Duchesnes et al. 

2006). In this study binding experiments with CCL11 and CCL24 were only 

successful with CCL24, since there are no significant difference in the binding 

affinity, one explanation might be the broader interaction space of CCL24 with the 
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extracellular regions of the receptor. To prove ligand binding activity of purified rat 

CCR3 in detergent micelles, the binding to its endogenous ligand rCCL24 (rat 

Eotaxin-2) was tested by MST. The resulting potency of rCCR3-344-T4L to rCCL24 

is detergent dependent as follows FC-14/CHS > FC12/CHS > DDM/CHS (KDFC-

14=55 nM, KDFC-12 =218 nM, KDDDM = 2.4 µM) in the sub-nanomolar range (Figure 

47). In this study rCCR3 was modified by C-terminal truncation of 15 amino acids 

and insertion of the stabilizing fusion T4L in the ICL3. Previously studies showed 

that the truncation of 15 amino acids at the C-terminus of hCCR3, did not reduce 

the binding affinity to CCL11 in comparison to the wildtype receptor expressed on 

eosinophils (Sabroe et al. 2005) and that the insertion of different stabilizing fusion 

did not show any significant impact in binding for the chemokine receptors CCR2 

(Zheng et al. 2016) and CCR5 (Tan et al. 2013). So studies with the wildtype 

receptor can be used for discussion. Previous studies with hCCR3 expressed in 

HEK293 cells and hCCL24 revealed KD values in a comparable range, when purified 

in FC-14 (KDFC-14=1.3 µM), respectively DDM (KDDDM = 70 nM) (Wang et al. 2013), 

confirming the dependence of the binding activity from the detergent environment, 

albeit with better potencies in DDM. CCR3 expressed and purified in E.coli binds to 

CCL24 with a KD value of 1.81 µM in DDM (Ge et al. 2015). As common among 

chemokine receptors, CCR3 has an N-terminal consensus sequence for tyrosine 

sulfation, which plays a major role in ligand binding (Zhu et al. 2011). Since no 

tyrosine sulfation is possible in E.coli, in insect cells the process is limited and only 

in HEK293 cells a full sulfation state is reachable, this might explain the 

discrepancies. However, the determined KD values of the purified protein are 

significantly lower, than the described in vivo potencies. Considering the 

comparable in vivo and in vitro data for CCR2 in this work (chapter 4.4) and for 

CCR5 (Bannert et al. 2001, Wiktor et al. 2013), construct optimization for CCR3 is 

still necessary. 
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4.8  Best stabilizing effect with mT4L in the ICL3 of CCR3 

 

During my work on CCR3 a modified T4L inserted in the ICL3 of the muscarinic M3 

receptor was described, were the smaller flexible N-terminal loop was exchanged 

for a short-GGSGG-linker to create a minimal T4L (mT4L) (Thorsen et al. 2014). 

That means the mT4L is reduced in size, the distance between the N- and C-

terminus for insertion in the ICL3 is 10.2 Å instead of 11.4 Å (Chun et al. 2012). With 

mT4L in the ICL3 of CCR3 a melting point for both human and rat receptor could be 

measured for the first time, suggesting a great stabilizing effect, which might be 

explained with a better distance for optimal insertion between helix V and VI. 

Although the protein profile after SEC shows a clearer separation of the monomer 

fraction of the rat receptor, the Tm for the human receptor with 39.44 °C compared 

to 30.74°C is higher. Since the thermal stability is based on the potential monomeric 

fractions of the protein, no direct correlation between the overall stability in the 

detergent micelle during purification and the thermal stability of the protein construct 

is possible. This is in agreement with studies on the CCR5 receptor (Tan et al. 2013). 

Species specific small molecular antagonists show a stabilizing effect and therefore 

demonstrate that these ligands bind to CCR3. The stabilizing effect upon binding of 

small molecular antagonists was shown for several GPCRs as discussed in chapter 

6.4 based on CCR2.  

For several GPCRs the insertion of different point mutations proved to enhance the 

thermal and general stability. In the field of Chemokine receptors, recently a 

thermostabilized CCR9 receptor construct with 8 different point mutations was 

crystallized (Oswald et al. 2016). There is no universal method for choosing potential 

stabilizing point mutations and the overall transferability between different GPCRs 

is less than 5 % (Heydenreich et al. 2015). Moreover a complete alanine scanning 

is costly and time consuming, so a more direct approach is favorable. In a 

cooperation with the group of professor Vaidehi, different computational predicted 

thermostabilizing mutations using the LITiCon (Ligand Induced Transmembrane 

Conformational Change) method (Bhattacharya et al. 2012) on the basis of the most 

promising human CCR3 construct (hCCR3-340-mT4L) were generated. The point 

mutations are currently in evaluation in terms of overall and thermostability.  
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5. Summary  
 

The CC chemokine receptor 2 (CCR2) is known as the major receptor for 

rheumatoid arthritis, multiple sclerosis as well as atherosclerosis and exists in two 

splicing variants termed CCR2A and CCR2B. CCR2B is expressed at the cell 

surface, while CCR2A is retained mainly in the golgi apparatus. The second receptor 

of this study, the CC chemokine receptor 3 (CCR3) plays a major role in asthma 

and is involved in age-related macular degeneration. Both receptors contribute in 

neurodegenerative disease, HIV and cancer. There are several clinical trials under 

investigation targeting CCR2 and some targeting CCR3, but so far neither a CCR2 

nor a CCR3 ligand is marketed. To aid drug design, a high resolution crystal 

structure of the target receptor is from great value. While I was working on CCR2A, 

the structure of CCR2B was solved. For CCR3 no crystal structure is available. The 

biophysical analysis of CCR2/CCR3 and the design of highly stable receptors 

suitable for crystallization and finally the resolution of the three-dimensional crystal 

structure was the aim of the present work.CCR2/CCR3 crystallization constructs 

were designed using a number of literature known stabilizing strategies: point 

mutations, fusion partners, N- and C- terminal truncations, as well as high potent 

antagonists. The receptors were expressed, purified and analyzed as described 

previously (Apel et al. 2019). In brief the receptors were expressed either in Hi5 

insect cells using the well-established Baculovirus expression system or for 

functional assays in mammalian cells (HEK293, CHO). CCR2/CCR3 were 

solubilized in dodecyl-ß-D-maltoside/cholesterol hemisuccinate, or different fos-

cholines. In a two-step purification procedure, using immobilized metal affinity as 

well as size exclusion chromatography, highly pure protein was produced. Receptor 

stability was determined by differential scanning fluorimeter (DSF) and ligand 

binding of the purified receptors was analyzed by microscale thermophoresis. The 

protein was crystallized using the lipidic cubic phase method. Ligand binding of 

HEK293-CCR2 membranes to the native ligand CCL2 was studied in a scintillation 

proximity assay (SPA) using I125 CCL2. Receptor functionality was tested with CCR2 

transiently expressed in CHOqi5 cells, by measuring the Ca2+ influx after stimulation 

with CCL2. Stable CHO-CCR2B cells were used as a positive control. The mT4L 

lysozyme fusion in the ICL3 of CCR3 was identified as highly stabilizing, with the 

first melting point in a detectable range (Tmhuman = 39.44°C). The induced thermal 
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shift upon antagonist binding, together with MST experiments determining KD values 

in a detergent dependent manner between 55 nM to 2.4 µM, proves the functional 

binding activity of CCR3. However the determined KD values of the purified receptor 

are significantly lower, than the described in vivo potencies. Considering the 

comparability of in vivo and in vitro data shown for CCR2 in this work, CCR3 need 

further construct design.CCR2A was crystallized in the presence of both orthosteric, 

as well as allosteric antagonist, which stabilize the protein synergistically as shown 

by DSF (Apel et al. 2019). The structure of CCR2A with rubredoxin fusion in the 

ICL3, N- /C-terminal truncation and the three point mutations: C70Y1.60, G175N4.60, 

A241D6.33 was determined in complex with the orthosteric antagonist EX932 in two 

crystal forms (2.7Å and 3.3Å) (Apel et al. 2019). The structures adopt the commonly 

described inactive conformational signature for chemokine receptors (Apel et al. 

2019). The binding mode of EX932 is similar to BMS-681 in complex with CCR2B 

described in the literature, but interacts with Glu2917.39 as described for several 

CCR2 antagonists and directly competes with CCL2 binding (Apel et al. 2019). 

Crystallizing CCR2A in complex with an allosteric ligand failed so far (Apel et al. 

2019), probably due to stabilizing point mutations clashing the potential allosteric 

site (A241D6.33, K311E8.49) in combination with solubility problems in the 

crystallization screen. Surprisingly, when introducing the point mutations C70Y1.60, 

G175N4.60, A241D6.33 CCR2A is expressed comparably well to CCR2B, identifying 

these amino acids as important for expression. In competition assays with CCL2 

these point mutations do not affect the binding to the native ligand. K8.49 was 

confirmed as being involved in the allosteric antagonism as shown in SPA and DSF 

experiments. 

A thermostable CCR3 construct was designed as basis for investigating different 

potential stabilizing point mutations and future crystallization. And a CCR2A 

receptor variant was crystallized at 2.7 Å resolution with the orthosteric antagonists 

EX932 (Apel et al. 2019). Although there are only minimal differences in the 

orthosteric binding mode in comparison to literature known data, and further 

experiments addressing the allosteric binding pocket are necessary, a stable and 

reproducible crystallization system for CCR2A at high resolution is established. The 

available crystal structure maps the interaction of a different class orthosteric 

antagonist within the ligand binding pocket and will facilitate future drug discovery 

efforts for CCR2. 
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Figure S1: Chemical structures of the small molecular orthosteric antagonists used 
throughout this study. EX932 and EX933 are diastereoisomere due to the chirality of the methoxy-
tetrahydropyranyl moity 
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Figure S2: Chemical structures of the small molecular allosteric antagonists used 
throughout this study. 

 

 

Figure S3: Chemical structures of the small molecular antagonists for CCR3 used 
throughout this study. 
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Figure S4: Plasmid maps of the pFastBac 1 vector (A) and the pcDNA5/FRT vector (B) 
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Table S1: Summary of data collection and refinement statistic (according to Apel et al. 2019) 

 CCR2-RubD CCR2-∆N28+∆C53-K8.49 

Data collection   
Number of crystals/dataset 1 77 
Space group P21 P21 
Cell dimensions   
     a, b, c (Å) 38.50   61.20   123.57 54.57   64.55   131.20 

     , ,  () 90.00   97.65   90.00 90.00   91.18   90.00 

No. of reflections 26000 398855 
No. of unique reflections 8271 25238 
Resolution (Å) 43.29-3.30 (3.57-3.30) 50-2.7 (2.77-2.70) 
Rmerge 0.134 (1.056) 0.55 (0.863) 
Rpim 0.087 (0.705) / 
CC1/2 0.995 (0.479) 0.993 (0.656) 

I/I 5.7 (0.9) 6.93 (1.17) 

Completeness (%) 95 (96.4) 100 (100) 
Redundancy 3.1 (3.0) 15.8 (14.8) 
   
Refinement   
Resolution (Å) 3.3 2.7 
No. of reflections 8253 25298 
Rwork/Rfree 0.279/0.301 0.218/0.245 
No. atoms   
     Protein 2584 4746 

     Ligand 33 66 
     Water 0 61 
     Other 1 351 
B-factors   
     Protein 98.2 58.4 
     Ligand 95.7 42.5 
     Water / 45.4 
     Other 125.2 73.1 
R.m.s deviations   
     Bond length (Å) 0.018 0.002 

     Bond angle () 0.681 0.504 

Ramachadran plot statistics (%)   

     Favoured regions 95.40 97.05 
     Allowed regions 4.29 2.95 
     Disallowed regions 0.31 0 

Values in parentheses are the values in the highest resolution shell 
* As defined in MolProbity 
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Figure S5: Identity confirmation of CCR2-RubD, CCR2-∆N28+∆C53-K8.49, rCCR3-344-mT4L, 
hCCR3-340-mT4L by mass spectrometry. The bands were excised from SDS-PAGE gel stained 
with Coomassie Blue and digested with trypsin prior mass spectrometry analysis. Identified peptide 
fragments of the analyzed constructs were marked in bold. Individual modifications of the protein 
constructs were colored (HA signaling sequence = pinc, mutations = grey, rubredoxin = red, mT4L 
= dark green, PreScission cleavage site = light green, FLAG-tag = yellow, 10x His-tag = blue) 
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Figure S6: Crystal lattice contact of the 2 CCR2A crystal forms. (a,b,c) 3 perpendicular views of the P21 crystal form with 1 
CCR2-Rubredoxin fusion molecule per asymmetric unit. (d,e,f) 3 perpendicular views of the second P21 crystal form with 2 CCR2-
Rubredoxin fusion molecules per asymmetric unit. In this crystal form 1 of the rubredoxin fusion is disordered. CCR2 is colored in 
green and rubredoxin fusion in blue. In both crystal forms the unit cells are highlighted in black boxes. This figure was kindly provided 
by Robert Cheng (LeadXpro), according to Apel et al. 2019. 
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